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Vertical flow constructed wetland (VFCW) is a wastewater treatment system 
integrated by water, substrate, vegetation, and a variety of microorganism to deliver a 
series of physical, chemical, and biological process. In this study, a mechanistic model 
was developed to simulate the hydraulic behaviour and degradation process of nitrogen 
constituents in the first stage treatment of a two-stage VFCW treating septage. A pilot-
scale VFCW-based septage treatment system was constructed using coarse gravel and 
was loaded in batch with varying hydraulic loading rate (HLR). Its hydraulic 
performance and nitrogen dynamics were investigated to support the simulations of 
the system. 
The proposed model, VF_Sep, consists of a hydraulic module, transport module and a 
bio-kinetics module. A transient variably-saturated flow module was employed to 
describe the hydraulic behaviour, and the effect of evapotranspiration (ET) and sludge 
accumulation were considered. The transport module was developed using the 
advection-dispersion equation (ADE). Linear adsorption was implemented to the 
reactive transport of NH4
+-N. The bio-kinetics module is a modified activated sludge 
model that describes the microbial activities in the wastewater treatment. The 
components involved in the proposed model are DO, alkalinity, four fractions of 
organic matter, three nitrogenous constituents (NH4
+-N, NO3
--N, and dinitrogen), and 
heterotrophic and autotrophic biomass. The biochemical transformation and 
degradation processes considered in VF_Sep included hydrolysis, aerobic and anoxic 
decomposition of organic matter, nitrification, and lysis of heterotrophic and 
autotrophic biomass.  
The laboratory experiments indicated that the influence of HLR and solids load were 
insignificant to the hydraulic performance. On the other hand, the water recovery and 
peak effluent flux appeared to be dependent on the thickness of sludge deposit, which 
is a layer formed by the solids that are retained at the wetland surface. The aeration 
capacity of the system was excellent. The removal of total solids (TS) and chemical 
oxygen demand (COD) were approximately 80 %, but the treatment of total nitrogen 
(TN) and ammonium (NH4
+-N) were only 69 % and 49 %, respectively. The 
concentration of nitrate (NO3
--N) in the effluent increased in the effluent due to the 
aerobic nitrification. The linear regression analysis between the effluent flux and 
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nitrogen dynamics demonstrated the dependency of NH4
+-N removal on hydraulic 
behaviour, where a slower effluent flux always led to a better treatment efficiency.  
The model demonstrated a good match to the measured data of effluent flux. The 
hydraulic conductivity of sludge deposit layer was found to be the most sensitive 
parameter towards the peak effluent flux.  The mean absolute percentage error (MAE 
(%)) were generally below 15 %. The poor water recovery was found as the main 
reason for discrepancies, and thus a correction factor was employed to refine the HLR, 
which reduced the MAE (%) to approximately 10 %. The influences of ET and sludge 
accumulation were insignificant in the hydraulic simulation.  
As for the nitrogen dynamics, the transport parameters, adsorption coefficient, and 
biomass concentration were calibrated in advance to deliver a set of prescribed 
parameters. The bio-kinetics parameters were factorized to the temperature of influent 
and the DO was assumed to be under a quasi-steady state. The initial concentrations 
of NH4
+-N and NO3
--N were the only parameters to be calibrated to match the 
measured data. The MAE (%) between the measured and simulated NH4
+-N 
concentration were below 10%, while the MAE(%) of NO3
--N were relatively higher 
and exceeded 40 % in particular case. Nitrification was found to be the main process 
in charge of NH4
+-N removal and then followed by the adsorption and nitrogen 
consumption in the aerobic decomposition of organic matter. The limitation of the 
VF_Sep are discussed, and the recommendations for the improvements are proposed. 
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Chapter 1 Introduction and Objectives 
 
1.1. Background 
The installation of on-site sanitation systems (OSSs) has become an attractive solution 
in developing countries (Strauss 2006). This is a decentralized treatment alternative 
that engages the storage and primary treatment within a well-protected container at a 
household level (WHO 2006). In order to reduce the spread of disease caused by the 
raw sewage, such an improved sanitation facility that links with a feasible storage or 
treatment system is essential (Langergraber and Muellegger 2005). An individual 
septic tank (IST) system, which acts as a “combined settling and skimming tank, as an 
unheated unmixed anaerobic digester, and as a sludge storage tank”, is one of the most 
prevailing OSSs in developing countries (Crites and Tchobanoglous 1998). In 
Malaysia, there are over 1.50 million ISTs serving approximately a population of 5 
million in West Malaysia as of 2006 (AECOM, SANDEC and Eawag 2010) and over 
370, 000 ISTs serving approximately a population of 1.90 million in Sarawak as of 
2010 (Lau 2012).  
Increasing attention has been paid on the massive amounts of septage generated in 
these septic tanks. These “recalcitrant solids” gradually reduce the space needed for 
microbial degradation, which eventually leads to the discharge of untreated sewage 
due to the excessive sludge accumulation within the septic tank (Hamersley et al. 2001), 
as shown in Figure 1.1. Therefore, scheduled desludging is needed by the septic system 
in order to maintain its satisfactory operation (Figure 1.2). The management of septage 
necessitates distinctive tasks which include collection, transportation, treatment, and 
disposal to reduce its risk to the public health and the environment. Nevertheless, 
AECOM, SANDEC, and Eawag (2010) revealed that even though efforts have been 
made to advocate the implementation of ISTs, a proper legal framework for the 
management of septage is still deficient in most developing countries. 
Septage is defined as a semi-liquid mixture of sludge, scum, and liquid removed from 
the IST that receives domestic sewage only (Crites and Tchobanoglous 1998; Harrison 
and Moffe 2003). United States Environmental Protection Agency (1999b) describes 
raw septage as “highly variable and organic, with significant levels of grease, grit, hair, 
and debris”. A sample of septage used in this study with its gross solids is shown in 
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Figure 1.1: Septic tank with excessive sludge 
 
Figure 1.2: Desludging process 
Figure 1.3. Septage is commonly described as having an unpleasant smell, being 
pathogenic, foam-forming, and reluctant to the treatment processes such as settling and 
dewatering. 
The amount and characteristics of septage depend on various factors such as 
desludging frequency, tank dimension, water supply pattern, climate, soil condition 
and disposal of the solid waste or household chemicals to the toilet (AECOM, 
SANDEC and Eawag 2010; Kone and Strauss 2004), and thus septage characteristics 
might differ from household to household. In general, septage is concentrated with 
excessive total solids (TS), chemical oxygen demand (COD) and nutrients (Crites and 
Tchobanoglous 1998), which could be 10-100 times higher than municipal wastewater 
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Figure 1.3: Raw septage collected from the domestic area 
(Strauss, Larmie and Heinss 1997). The direct disposal of septage into watercourses 
will lead to immediate oxygen depletion and eutrophication, as well as the spread of 
waterborne diseases (Centre for Science and Environment New Delhi 2011).  
The development of septage management and treatment options are unappreciated 
compared to sewage treatment (Kone and Strauss 2004), which results in a lack of a 
safe and sustainable septage disposal plan in many developing countries. Common 
septage management practices in these countries include land application and co-
treatment in sewage treatment systems (Vincent et al. 2011). Land application is still 
constrained by the health risks posed by disease-causing pathogens and excessive 
nutrients contained in raw septage (Harrison and Moffe 2003). As for co-treatment, 
the variation in septage quality and its high solid and nutrient content create challenges 
for the conventional sewage treatment plant in producing a consistent treatment 
performance (Harrison and Moffe 2003).  
To counter the problems raised by the variable characteristics of septage and the 
current practices of septage management, a decentralized subsurface wetland system 
is proposed.   
1.2.  Alternative solution: vertical flow constructed wetland (VFCW) 
The subsurface vertical flow constructed wetland (VFCW) has been introduced as a 
feasible septage treatment facility for small or medium communities. The constructed 
wetland (CW) is an artificial water treatment system with controlled conditions and 
operations to reproduce the water purification processes in natural wetlands to remove 
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pollutants from wastewater (Kivaisi 2001; Sim 2003; Babatunde et al. 2008; Vymazal 
2010a; Zhang, Xu, et al. 2012), as well as septage (Koottatep et al. 2001; Paing and 
Voisin 2005; Troesch, A. Liénard, et al. 2009; Vincent et al. 2011; Jong 2014). This 
water treatment technology is integrated by a vegetated wetland bed and a distribution 
and drainage device to deliver a more consistent treatment capability compared to the 
natural wetland (Haberl et al. 2003; Kumar and Zhao 2011; Zhang, Xu, et al. 2012). 
Typically, the treatment processes in CW are stimulated naturally by vegetation and 
microbial community. The removal of contaminants is a result of biological, chemical 
and physical processes, including filtration, adsorption, plant uptake, and microbial 
metabolism (Wynn and Liehr 2001; Kumar and Zhao 2011). 
In VFCWs, the raw septage is loaded on the surface of the wetland bed. The wetland 
bed is a multi-layer porous medium that supports the growth of vegetation and a 
microbial community, which is also known as substrate. The influent percolates 
gravitationally through the substrate to conduct physical filtration and biochemical 
processes. Subsequently, the effluent is collected at the bottom of the bed through a 
drainage device (Verhoeven and Meuleman 1999; Langergraber, Giraldi, et al. 2009). 
The vegetation in the system helps in restoring the oxygen content within the wetland 
bed and stimulates the transpiration process to enhance the dewatering of septage. 
Since the active biomass develops on the surface of the granular substrate, the VFCWs 
are generally recognized as an attached growth system.  
The VFCW has remarkable aeration capacity, which is not only due to the presence of 
vegetation but also to loading regime. In an intermittent loading regime, the system is 
only loaded after the previous batch of influent has been completely drained (Zhang, 
Tan, et al. 2012), and thus unsaturated conditions are created within the substrate, 
which allows the oxygen to refill the substrate by convection. The oxygen-rich 
condition benefits mechanisms such as the aerobic decomposition of organic matter 
and nitrification within the VFCWs, but the anaerobic process such as denitrification 
is prohibited.  
A pilot-scale, VFCW–based septage treatment system was designed and constructed 
in Curtin University Sarawak Malaysia to evaluate its performance under a tropical 
climate (Jong 2014). This septage treatment system consisted of two successive 
treatments similar to Lienard and Payrastre (1996). In this system, the first stage 
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wetland bed was designed to filter particle constituents while the second stage wetland 
bed was designed to remove organic matter and nutrients via biochemical processes.  
This study reinforced the capability of using VFCWs to treat septage, as favourable 
results were obtained, which showed that the operational factors including loading rate 
and resting period were crucial to achieve the targeted removal performance for TS, 
COD, and NH4
+-N. However, the overall nitrogen removal was less desirable, as the 
concentration of nitrate (NO3
--N) generally increased in the effluent due to the 
favourable aerobic condition. In this study, the treatment efficiency of the system was 
determined by a black-box approach, where the removal rate was evaluated through 
the comparison between mass-in and mass-out of particular contaminants. The 
dynamics of the effluent flow rate and treatment performance were not determined in 
the experiment, and thus a further study is proposed to investigate the correlation 
between the hydraulic behaviour and nitrogen dynamics in the effluent.  
1.3. Hydraulic behaviour and nitrogen dynamics in the VFCWs 
The intermittent loading regime resulted in a “continuously varying saturation level” 
along the substrate profile during the infiltration period (Giraldi and Iannelli 2009). 
Therefore, the effluent flow rate from the wetland bed fluctuates significantly 
throughout the operation. As the wetland bed is freely draining, the effluent flow rate 
represents the retention time of the influent within the bed and controls the contact 
time between the contaminants and active biomass. Accordingly, the hydraulic 
behaviour of the wetland, which is described by the effluent flow rate and other factors 
such as water content along the substrate profile; significantly influences the treatment 
performance. In fact, the quality of the effluent may be influenced by the variation of 
hydraulic behaviour, particularly in terms of water recovery and percolation flow rate. 
However, the correlation between the dynamics of nitrogenous constituents and the 
associated effluent flow rate in the VFCWs designed for septage treatment has not yet 
been identified in the literature.  
In the wetland-based system, nitrogen removal is a result of complex interactions 
between physical, chemical and biological processes (Kumar and Zhao 2011). The 
main nitrogen transformation mechanisms involved in VFCWs are ammonification, 
nitrification, denitrification, and plant uptake (Vymazal 2007). The rates of these 
nitrogen transformation processes in VFCWs have been found to be highly related to 
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 1 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage            Introduction and Objectives 
   
6 
 
influent quality, surrounding environment and operating strategies, including 
hydraulic retention time, oxygen availability, temperature, pH, carbon-nitrogen ratio, 
plant species, maturity of the microbial community and others (Lee, Fletcher and Sun 
2009). Although the understanding of individual nitrogen transformation and 
degradation processes are fairly complete in such system, the overall behaviour of 
nitrogen dynamics is not comprehensively presented in the literature.  
Apart from collecting data from the experiments, one of the alternatives to investigate 
the relation between the hydraulic behaviour and nitrogen dynamics in VFCW is to 
numerically simulate the treatment mechanism using a mechanistic model. The 
mechanistic model, which is a process-based model, computes the transport and fate 
of specific substance individually from the relevant factors within a predefined time 
frame and it has become the state-of-art in the study of modelling for the wetland-
based system. The precision of such models relies upon the coupling of two dominant 
factors in the VFCW, which are the hydraulic behaviour and the biochemical kinetics 
(Saeed and Sun 2011b). The mechanistic model provides a platform to reproduce the 
hydraulic behaviour, solute transport, and the degradation process simultaneously. It 
is a practical design tool not only to evaluate the treatment performance but also to 
optimize the configuration and operation under a variety of operating conditions. To 
date, HYDRUS-CW2D (Langergraber and Šimůnek 2005) and FITOVERT (Giraldi, 
de Michieli Vitturi and Iannelli 2010) provided the most comprehensive work on the 
hydraulic behaviour and degradation in the VFCWs.  
In order to facilitate the understanding of overall nitrogen removal in the VFCWs 
designed for septage treatment under a tropical climate, this study aims to investigate 
the dependency of nitrogen dynamics on the hydraulic behaviour of the VFCW and 
proposes a mechanistic model to numerically simulate the nitrogen transformation 
throughout the bed. 
1.4.  Identification of problem and research aim 
As mentioned in section 1.2, the treatment efficiency of a pilot-scale, two-stage 
VFCW-based septage treatment system was obtained based on a black-box approach. 
The current literature only provided an analysis of overall water recovery and removal 
efficiency. However, the dynamics of hydraulic behaviour and treatment, as well as 
the influence of hydraulic behaviour towards the overall treatment efficiency, were not 
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clearly identified. This gap increases the difficulty in the optimization of an operating 
strategy in order to improve the treatment performance, especially to counter the high 
NO3
-- N concentration produced in the effluent. Therefore, the first part of the study 
aims to experimentally identify the relation between hydraulic behaviour and nitrogen 
dynamics in the first stage wetland bed of the pilot plant. 
In addition to the laboratory work, a mechanistic model is proposed to numerically 
simulate the nitrogen dynamics by combining a hydraulic module, solute transport 
module, and a reaction kinetics module. Such a reactive transport model provides a 
platform to interlink these modules to accommodate varying system configurations 
and operating regimes, which has not been done for septage treatment. A research 
oriented type of mechanistic model is a useful tool to gain understanding to the black-
box in a complex system. However, a comprehensive study is essential to 
conceptualize the governing factors of treatment mechanism in the VFCWs. Then, an 
appropriate numerical formulation with adequate equations and solving methods has 
to be developed to produce the expected outcomes. Besides, laboratory work has to be 
carried out in order to calibrate and the parameters and validate the feasibility of 
mechanistic model. As a first step towards the simulation of nitrogen dynamics in the 
VFCW designed for septage treatment, the scope of the study is only confined to the 
first stage wetland beds in the system. Hence, the second part of the study aims to 
simulate the hydraulic behaviour and outflow nitrogen dynamics for a pilot-scale first 
stage treatment wetland to investigate the influence of hydraulic behaviour on the 
outflow nitrogen dynamics.  
1.5. Objectives 
The main objectives and the corresponding research problems and output of this study 
are stipulated as follows: 
I. To develop a mechanistic model to describe the hydraulic behaviour and 
outflow nitrogen dynamics in a pilot-scale VFCW-based septage treatment 
system. 
The transformation and degradation mechanisms of nitrogenous constituents in 
VFCWs involve a series of physical, chemical and biological processes, whereas the 
complexity of the dynamics is further increased due to the correlation to numerous 
factors such as the system configuration and operating regime. The difference of these 
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factors typically results in a change of hydraulic behaviour, subsequently varying the 
overall treatment performance in the system.  Currently, the available models in the 
literature are still inadequate to simulate both the hydraulic behaviour and associated 
nitrogen dynamics in the VFCW designed for septage treatment. Therefore, a 
mechanistic model is conceptualized and developed for the first stage treatment in a 
pilot-scale, two-stage VFCW, which incorporates a hydraulic module, a transport 
module, and a reaction kinetics. 
II. To calibrate the outflow nitrogen dynamics model according to the 
measured data under the tropical climate. 
The proposed model is to be calibrated with the measured data to examine its capability 
in producing accurate results. A pilot-scale VFCW-based septage treatment system is 
constructed and operated to obtain the results of the rate of outflow and the associated 
treatment efficiency. The initial parameters used in the model are obtained from the 
literature and some simple laboratory experiments.  
III. To investigate the influence of hydraulic behaviour upon outflow nitrogen 
dynamics based on the measured and simulated results 
The relation between hydraulic behaviour and nitrogen dynamics is studied according 
to the outcomes of the numerical simulation and measured data obtained in a pilot-
scale system. The existing studies have indicated the impact of operational strategies 
on the overall water recovery and removal efficiency, but a tracking of hydraulic 
behaviour and outflow quality is lacking in the literature. The quality of the effluent is 
compared to identify the influence of hydraulic behaviour on the outflow nitrogen 
dynamics and overall removal efficiency. It is anticipated that a similar trend will be 
observed in the results from the pilot-scale system and numerical simulation.  
1.6.  Scope and limitation 
The proposed model, VF_Sep, is an outset of the study for the numerical modelling of 
a two-stage VFCW-based septage treatment system. This study aims to simulate the 
outflow nitrogen dynamics from the first stage treatment in the system using a 
mechanistic approach, which combines the transport module and kinetics module to 
predict the transport and fate of the nitrogenous constituents. The scope of the study is 
listed to highlight the expected outcomes from the study: 
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 VF_Sep is developed using the simulation software MATLAB® to predict the 
outflow nitrogen dynamic in a pilot-scale system. The outcome focuses on the 
precision of the simulation, while the discussion of the computational 
efficiency and mathematical optimization are excluded.   
 VF_Sep is conceptualized and developed to compromise between the 
practicality in handing and complexity of outcomes. The comprehensiveness 
of the equations and the selection of the numerical approach used in the 
proposed model are decided according to the versatility, applicability, accuracy, 
and computation time of the simulation. Comparison between the different 
equation and numerical approaches is not included in the study. 
 VF_Sep is only applied to the first stage treatment of a pilot-scale, two-stage 
VFCW-based septage treatment system, where the upper and lower boundary 
conditions are set to be temporal flux-and-pond and free drainage, respectively.   
 This study focuses on the development of the mechanistic model and the 
associated calibration to the measured data in a pilot-scale system. The 
validation of the model is not conducted to the system with variation in the 
design configuration and operating regime.  
 This study aims to develop a numerical relation between hydraulic behaviour 
and nitrogen treatment performance. The quantification of oxygen restoration, 
heat transfer, alkalinity consumption, organic carbon cycle, development of 
microbial community, and water loss during the resting phase are not included 
in this study.  
 The evaluation of the proposed model is based on the error analysis with 
regards to the measured data. The proposed model is not compared to the 
existing models in the literature for its efficiency and accuracy.  
 Although VF_sep is able to simulate the transport and fate of the dissolved 
oxygen, TS, organic carbon, and the development of heterotrophs and 
autotrophs, the determination of these components is only partially carried out 
and thus the calibration for these components is excluded from the scope.  
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 Due to the limitation in the laboratory experiment, the evaluation of the 
nitrogen removal pathway is only performed with regards to the nitrification-
denitrification, adsorption and plant uptake in the numerical form.  
1.7. Thesis outline 
The objectives of this study are to develop a mechanistic model and conduct laboratory 
experiment to investigate the transport and fate of nitrogenous constituents and its 
correlation to the hydraulic behaviour. In Chapter 2, an overview of the VFCWs and 
its application in septage treatment are addressed. A variety of design configurations 
and operating strategies and the mechanisms of nitrogen removal in this type of 
systems are discussed. A review of the literature on the existing numerical model for 
VFCWs is presented, as well as the gaps and significances of research are addressed. 
Chapter 3 demonstrates the configurations of the laboratory experimental rigs and the 
operational regime employed in this study. The sampling and analysis protocols in 
assessing the hydraulic behaviour and treatment efficiency are also introduced.   
Chapter 4 describes the features and theory used in the proposed mechanistic model, 
VF_Sep. The assumptions and limitations of the model are summarized. The model is 
subdivided into the hydraulic module, transport module, and kinetics module. The 
governing equations such as the Richards equation, Penman-Monteith equation, 
advection-dispersion equation (ADE), activated sludge model (ASM) and etc. are 
explained. Then, the numerical implementation, initial conditions, and boundary 
conditions of each module are presented. In addition, the development of the model in 
the Matlab© is demonstrated in this chapter. 
In Chapter 5, the hydraulic and treatment performance of the pilot-scale first stage 
wetland bed are reported. In the first section, the results of the preliminary experiments 
are presented to highlight the feasibility of VFCW-system treating septage. Then, the 
measured data obtained from the pilot plant are analysed according to water recovery, 
delay of flow and peak effluent flux. The influence of hydraulic loading rate (HLR), 
solids loading rate (SLR) and sludge deposit layer on these parameters are discussed. 
The characteristic of raw septage used in this study is also reported in this chapter. The 
dynamics of quality parameters in the effluent including DO, pH, TS, COD, TN, NH4
+-
N, and NO3
--N and the associated treatment efficiencies are presented. The influence 
of HLR, SLR and sludge deposit layer on the treatment performance is discussed. In 
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addition, the analysis of the correlation between hydraulic behaviour and nitrogen 
dynamics is described in this chapter. Lastly, the results of tracer experiment are 
presented and discussed. 
Chapter 6 presents the results of the hydraulic simulation using VF_Sep. The 
simulation set-up, assumptions, the procedure of calibration, and input parameters are 
presented. The error analysis between the simulated results and measured data is 
discussed. Then, a correction coefficient to improve the simulation performance is 
introduced. Besides, the discussion of the influence of ET and sludge deposit layer on 
hydraulic simulation is presented in this chapter.  
Chapter 7 shows the simulation of nitrogen dynamics. The simulation set-up, input 
parameters, calibration method, and assumptions are introduced. The accuracy of the 
simulated results is analysed and discussed. The contribution of each removal 
mechanism is evaluated according to the simulated results. The efficiency of VF_Sep 
is deliberated, and a set of improvement is suggested. Chapter 8 summarizes the 
findings from this thesis, and the recommendations for future research are proposed.  
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Chapter 2 Literature Review 
 
2.1. Overview of the VFCWs 
The subsurface-flow (SSF) system is a type of constructed wetland (CW) system 
where the influent flows beneath a vegetated wetland bed and is ultimately discharged 
by a drainage system (Verhoeven and Meuleman 1999; Yang, Chang and Huang 2001). 
This type of CW is further divided into the horizontal flow (HFCW) and vertical flow 
(VFCW) with regards to the dissimilar system configurations and operating regime, 
which leads to different flow directions in the system.  
Figure 2.1 shows a typical VFCW system. The VFCW is loaded with a large batch of 
influent that floods the surface, then the influent percolates vertically through the 
substrate towards the drainage system, in a so-called “fill-and-drain” feeding mode 
(Zhang, Tan, et al. 2012). Under this feeding mode, the wetland bed might only be 
partially saturated. Thus, the VFCW is typically recognized as a variably-saturated 
system (Morvannou et al. 2013b). Meanwhile, the wetland bed is created with a 
“temporal redox variation” and is re-aerated throughout the dry-wet cycle 
(Langergraber 2008; Faulwetter et al. 2009; Zurita, De Anda and Belmont 2009; Zhang, 
Tan, et al. 2012). As a result, the VFCW is well-known for its aerobic behaviour and 
outstanding performance in removing organic matter and ammonia (NH3-N) (Saeed 
and Sun 2011b). Nevertheless, the technical requirement of such a system is higher, 
where the installation of an inlet structure to regulate the influent volume is essential 
(Kadlec 2009; Vymazal 2010a). A poor denitrification rate was observed in the VFCW, 
which eventually led to a high nitrate (NO3
--N) concentration in the effluent (Koottatep 
et al. 2004; Kengne et al. 2009; Troesch, A. Liénard, et al. 2009).  
In VFCWs, the percolation of influent is driven by th1e gravity and pressure gradients  
(Haberl et al. 2003). The substrate is defined as a layered porous medium that supports 
the growth of wetland vegetation and acts as a filter to segregate the solid from the 
influent (Verhoeven and Meuleman 1999). In addition, the substrate provides 
attachment surfaces for microbial growth and adsorption sites for ionized contaminants 
(Saeed and Sun 2011b). The retention time of influent within the wetland bed is the 
duration for influent passing through the substrate, and thus the retention time 
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Figure 2.1: A typical VFCW system and its components 
significantly relates to the properties of the substrate and the loading regime. The 
common materials used in the VFCWs are sand and gravel, but the application of 
industrial and agricultural by-products such as slag and palm kernel shell has also been 
presented in some studies (Jong and Tang 2015). 
Białowiec, Albuquerque, and Randerson (2014) summarized the advantages of 
vegetation as a source of oxygen and carbon for the microbial activities, as well as the 
extraction of water and pollutants constituted in the influent. The vegetation in the 
VFCWs transports a certain amount of oxygen to its roots and creates an aerobic zone 
around rhizosphere to induce the microbial growth in the wetland bed. Meanwhile, the 
carbon compound released from its debris could be utilized by the microorganisms in 
the anaerobic process such as denitrification. The vegetation also uptakes the water 
and the pollutants such as nutrients (nitrogen and phosphorus) and heavy metals, 
subsequently enhancing the dewatering and treatment efficiency of the system.  
In VFCWs, most of the biodegradable contaminants in wastewater are removed by the 
attached microorganisms through aerobic and anoxic degradation (Kadlec 2009). 
Meanwhile, a significant amount of particulate constituents is filtered at the surface of 
wetland bed, and this forms a deposited layer. Under the typical condition, the restored 
oxygen in VFCWs facilitates the aerobic process, particularly aerobic respiration, and 
nitrification to remove chemical oxygen demand (COD), biological oxygen demand 
(BOD), and NH3. On the other hand, the efficient restoration of oxygen in the system 
prohibits the occurrence of the anoxic processes such as denitrification, and thus the 
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VFCW is commonly incapable of providing a complete route of nitrification-
denitrification (Vymazal 2010b).  
The combined effect of the evapotranspiration (ET) at the surface water and through 
the vegetation is one of the main dewatering mechanisms in VFCW. The water loss 
might lead to an increase in the concentration of dissolved contaminants due to the 
decreasing of water content, simultaneously enhancing the accumulation of particulate 
contaminants within the substrate. Moreover, a high ET rate causes a significant 
reduction in the moisture content of the substrate, which extends the residence time of 
the influent in the system and eventually improves the treatment performance 
(Konnerup, Koottatep and Brix 2009). Nevertheless, such studies of water loss were 
less common, since water losses were extremely sensitive to the system configuration 
and surrounding environment, including the depth-surface ratio of the wetland bed, the 
condition of wetland vegetation and the climate condition.   
Substrate clogging is the main difficulty in maintaining the operation of VFCWs 
(Shutes 2001; Cooper 2005; Molle et al. 2005). This phenomenon is the consequence 
of the accumulation of particle constituents at the upper layer and overgrowth of 
microorganisms, which significantly reduces the permeability and infiltration capacity. 
The undesirable infiltration capacity might result in a long duration of surface ponding 
and eventually leads to system failure (Hua et al. 2010). 
2.2. Overview of VFCW-based septage treatment system 
VFCWs have been widely applied to treat various types of wastewater, ranging from 
municipal sewage (Kim et al. 2013) and agricultural wastewater (Herouvim et al. 2011) 
to leachate (Lavrova and Koumanova 2010) and stormwater (Fournel et al. 2013). 
However, the application of VFCWs for septage treatment is less common. This 
section reviews several existing systems, which constituted different features and 
manipulations to handle septage. The discussion is focused on the corresponding 
removal efficiency of pollutants on the difference in operating regime.  
The first systematic attempt to treat septage using VFCWs was introduced in Lienard 
and Payrastre (1996). The system consisted of two stages, where the first stage wetland 
beds were constructed using 0.25 m thick coarse gravel and vegetated with common 
reeds (Phragmites australis). The beds were loaded weekly with a hydraulic load of 
1.5 m3, demonstrating solid loading rate (SLR) approximately 70 kg TSS m-2 year-1. 
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This first stage treatment had showed promising removal efficiency with regards to 
COD, TSS and NH4
+-N, but the removal of BOD and NH4
+-N was less efficient. 
Moreover, the concentration of NO3
--N increased in the effluent. At the second stage, 
the wetland bed was topped with a layer of sand to enhance the hydraulic retention 
time (HRT) and were loaded with the percolate from the first stage treatment at a rate 
of 1 dose per day. At this stage, the treatment performance was found to be 
proportional to the thickness of substrate, suggesting a depth of 60 cm could deliver 
the effluent with low COD and NH4
+-N. Furthermore, gravel was claimed to be 
favourable for oxygen renewal due to its large porosity.  
This type of two-stage system has been developed into a field study, where Paing and 
Voisin (2005) evaluated the treatment performance of a full-scale VFCW-based 
septage treatment system in Beaumont-la-Ronce, France. This system was configured 
with the same design as in Lienard and Payrastre (1996). The first stage of the system 
was made up of gravel with a depth of 90 cm and had a surface area of 612 m2. The 
raw septage was pre-treated by undergoing a screening process to remove gross solids. 
Each wetland bed was operated at a SLR of 46 kg TSS m-2 year-1, where the feeding 
continued for seven days at a rate of 20 m3 per day. The feeding was followed by a 
resting period of five weeks. The physical filtration was the major treatment 
mechanism and the retention efficiency increased gradually due to the accumulation 
of sludge deposit. The second stage system was installed with an additional ventilation 
pipe in the middle of substrate to promote aerobic processes. The final effluent 
throughout two stages of treatment demonstrated an impressive quality, where the 
removal of total suspended solids (TSS), BOD, COD and total Kjeldhal nitrogen 
(TKN) achieved more than 90 %. However, the concentration of NO3
--N increased in 
the effluent, implying that denitrification might be absent from the system.  
Troesch, Lienard, et al. (2009) built a pilot-scale, single-stage VFCW to treat septage 
at a SLR of 30 kg TSS m-2 year-1. The substrates in this system constituted of several 
layers of graded gravels and two alternative top layers, which were sand and vegetal 
compost.  All wetland beds were planted with common reed (Phragmites australis). 
The raw septage was loaded in two alternatives; one was applied directly and the other 
was mixed with aerated sludge before application. Both handling regimes can 
eliminate more than 80 % of SS, COD and TKN, but the overall performance of NH4
+-
N and NO3
--N were still less desirable. The study observed that the mixing method 
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enhanced the dewaterability of septage due to the “flocculation” of aerated sludge. The 
sludge deposit at the wetland surface accumulated at a rate of 11.50 cm year-1. 
Substrate clogging was not observed throughout the experiment, which was mainly 
attributed to the low applied SLR and appropriate resting period. Vincent et al. (2011) 
further elaborated an operating strategy, which suggested a 5-day feeding period and 
24-day resting period with a SLR of 50 kg TSS m-2 year-1 to effectively reduce the 
possibility of substrate clogging.  
Koottatep et al. (2001) designed and built a single-stage pilot VFCW to treat septage 
in Thailand, which was referred as the first attempt of wetland-based septage treatment 
in the tropical region. Three wetland beds were constructed, each with a surface area 
of 25 m2 and a depth of 65 cm. The substrate was mainly built by gravel and sand, and 
the wetland bed was vegetated with narrow-leaf cattails (Typha augustifolia) at a 
density of 10-15 shoots m-2. A network of aerated pipes was constructed to secure the 
growth of vegetation. Since the microbial activities are favourable under the tropical 
climate (Diemont 2006), the SLR in this study was up to 250 kg TS m-2year-1. This 
system removed more than 80% of TS, COD, TKN, and NH4
+-N, while NO3
--N 
increased significantly after treatment. The problems of shock loading and water 
deficiency were detected throughout the experiment, causing the wilting and even 
death of vegetation. Accordingly, the wetland vegetation was suggested to be 
acclimatized in the system for a certain period. In addition, the attempt of “percolate 
impounding”, where the wetland bed was impounded by the influent for 6 days instead 
of free drainage, was seen to be a solution for the water deficiency.  
An updated operational guideline with regards to the treatment performance was 
established in Koottatep et al. (2004) after seven years of operation. Due to the high 
variation in solids concentrations of raw septage, maintaining a constant HLR is more 
practical than operating at a constant SLR. A longer impounding period ultimately 
improved the removal of total nitrogen (TN), but no obvious impact was observed for 
the removal of SS, BOD and COD. Such circumstance promoted the occurrence of 
anoxic denitrification due to the long ponding period. Furthermore, the growth rate of 
cattails accelerated rapidly after acclimatization, and thus regular harvesting was 
necessary.  
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By using the similar principles of system layout and operating regime, Kengne et al. 
(2009) specified that a SLR range of 100 – 200 kg TS m-2 year-1 delivered promising 
treatment performance for SS, COD, TKN and NH4
+-N, and effectively reduce the risk 
of clogging. Besides, an alternative wetland vegetation of antelope grass (E. 
pyramidalis) demonstrated a good sustainability in dewatering and stabilizing faecal 
sludge collected in African countries (Kengne et al. 2008). In the meantime, 
approximately 100 – 150 tons hectare-1 of dry plants were produced. This study also 
indicated that the accumulated nutrient-rich bio-solids might potentially be reused 
under proper management, which will increase the advantages in terms of cost-
efficiency.  
A pilot-scale, two-stage VFCW-based septage treatment system (Figure 2.2), was 
designed and constructed in Curtin University Sarawak Malaysia (Jong and Tang 2013, 
2014). The stage one wetland was aimed to remove excessive solids and organic matter 
through physical filtration and sedimentation to minimize the risk of clogging in the 
following treatment. At this stage, three wetland beds had been built and each bed had 
a surface area of 2.20 m2 and a total depth of 0.80 m. The substrate was built by various 
layers of graded crushed stone, and the surface of wetland beds was vegetated with the 
common reeds (Phragmites karka). Three SLRs have been tested, which were 100 kg 
TS m-2 yr-1, 250 kg TS m-2 yr-1and 350 kg TS m-2 yr-1. The wetland beds were operated 
with a feed-rest ratio of 1:6 days, indicating that the bed was operated once a week and 
followed by a 6-day resting period. This stage of VFCW was set to be freely drained, 
and the percolate was collected in a tank for twenty-four hours. At this stage, the 
removals of TS, COD and NH4
+-N were excellent.   
 
Figure 2.2: Side view of a pilot-scale, two-stage VFCW-based wetland treatment 
system (Jong and Tang 2014) 
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The percolates collected from the stage one wetlands were stored, and then it was 
applied to the second stage wetlands after mixing and stirring. Stage two consisted of 
four wetland beds; each has a surface area and a depth of 0.24 m2 and 0.80 m, 
respectively. The substrate is a combination of gravel, palm kernel shell (PKS) and 
sand. The PKS has been found to be a carbon source to stimulate denitrification. Two 
beds were planted with common reed and two were planted with ornamental (Costus 
Woodsonij). Two HLRs had been conducted at stage two, which were 8.75 cm/day and 
17.50 cm/day. The beds were loaded intermittently with the dosing frequencies of 4 
times or 8 times per day. The percolates were impounded within the substrate for two 
alternative regimes, which were 1-day and 3-day. Overall, this system obtained a 
desirable efficiency in removing TSS, NH4
+ and COD. However, the removal 
efficiency of NO3
- was insignificant. In summary, the VFCW is a feasible treatment 
method to remove the solid content and organic matter in the raw septage. However, 
the removal of nitrogen especially NO3
--N were relatively poor. The capability of the 
VFCW in treating raw septage with regards to the system configuration and 
operational strategies has been reviewed and described comprehensively. The 
treatment performance of these systems is summarized in Table 2.1. 
Table 2.1: The optimal solids loading rate (SLR) and removal efficiency of the 
existing system 
Case Study 
Optimal SLR  
(kg TS m-2 yr-1) 
COD BOD TKN TS NH4+-N NO3--N 
Lienard and Payrastre 
(1996) – First Stage 
70 >78% 58% >71% >84% >59% Increased 
Lienard and Payrastre 
(1996) – Second Stage 
- 60% - - 60% 85% 45% 
Koottatep et al. (2001) 250  >80 % - >80 % >80 % >80 % Increased 
Paing and Voisin (2005) 46 98.5% 98.5% 94% 99% - Increased 
Troesch, Lienard, et al. 
(2009) 
50 >89% - >82% >92% <50% Increased 
Kengne et al. (2009) <200 95% - 90% 86% 77% Increased 
Jong and Tang (2013)-
First Stage 
250 96% - - 97% 87% Increased 
Jong and Tang (2013) - 
Second Stage 
- 96% - - 98% 99% Increased 
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2.2.1. Summary of the VFCW-based septage treatment systems 
To date, current studies have given useful insights in terms of the design configurations 
and operation strategies of the VFCW-based septage treatment systems towards the 
variation in environmental condition. The analysis of such septage treatment system is 
still at a “black-box” level, where the treatment performance is evaluated based on the 
difference between the influent and effluent quality. There is no comprehensive study 
with regards to its hydraulic behaviour and the associated treatment efficiency, and 
thus the optimization of the system mainly focused on the substrate design and the 
selection of SLR and resting period. 
The lack of knowledge in the relationship between hydraulic performance and 
treatment process hinders a systematic design standard guideline to be established for 
VFCW-based septage system. Currently, the scale and capacity of the treatment are 
decided using rules-of-thumb and its operational strategies are determined empirically 
based on the experiments. A practical design tool such as mathematical modelling is 
then proposed to facilitate the fundamental understandings of nitrogen removal in the 
VFCWs designed for septage treatment. 
A mechanistic model is appropriate since it is a more comprehensive approach to 
understand the complex interactive processes under a variety of circumstances. It has 
become a state-of-art in the modelling and design of CW systems. Up until now, some 
integrated models such as HYDRUS-CW2D (Langergraber and Šimůnek 2005) has 
been developed to simulate the hydraulic flow and treatment kinetics of the VFCW. 
However, these existing models are limited to the application of municipal wastewater 
treatment. There is no specific model for septage-based treatment to the author’s 
knowledge. In order to achieve this, an analysis of the impact factors, including 
system-related and operation-related features towards the efficiency and sustainability 
of the VFCWsystem, is essential in the conceptualization of the numerical model.  
The high solids load in the septage treatment highlights the importance of the design 
of substrate to ensure a robust treatment capacity in the VFCW. The existing evidence 
has shown that a thicker substrate prolonged the hydraulic retention time (HRT), 
subsequently improving the overall treatment efficiency of the VFCW (Torrens et al. 
2009). The substrate generally was constructed by coarse gravel to avoid substrate 
clogging. In some system, the wetland bed was topped with sand to prolong the HRT 
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of the influent (Troesch, A. Liénard, et al. 2009; Jong and Tang 2014). The presence 
of wetland vegetation enhances the dewatering efficiency, oxygen restoration, 
filtration capability, as well as protecting the substrate from erosion (Lee and Scholz 
2007; Gagnon et al. 2012). The other benefit of vegetation is to prevent the substrate 
clogging by creating a bypass in the sludge deposit via the mechanical effect of the 
reed stalk (Lee and Scholz 2007; Molle et al. 2006).  
The applied loading rate and feeding frequency are of great importance to the treatment 
capability and durability of the VFCWs. It is observed that almost all the existing 
VFCW-based septage treatment systems were managed with regards to solid loading 
rate (SLR) instead of hydraulic loading rate (HLR). This approach is to control the 
high solids content in septage and its fluctuating characteristics between each batch of 
the collection. Currently, the optimum SLR for VFCW-based septage treatment 
system has not been extensively determined in the literature. The SLRs ranged from 
30 to 70 TSS m-2 year-1 in the temperate region (Troesch, Lienard, et al. 2009; Vincent 
et al. 2011) and could be up to 250 kg TS m-2 year-1 in the tropical region (Koottatep 
et al. 2004).  
The VFCW is operated in batch, where the system is rested for a certain period after it 
has been experienced a treatment cycle. This feeding-resting regime is important to 
the oxygen renewal, microbial growth, and mineralization of sludge deposit. From the 
perspective of hydraulic load, a higher frequency of batch loading is beneficial to 
control the retention time of influent, but the short resting period limited the re-aeration 
efficiency of the system as well as drying of the accumulated sludge deposit (Molle et 
al. 2006). In order to provide a complete nitrogen removal, the influent could be 
impounded in the system for a certain period of time instead of being freely discharged 
to stimulate denitrification at the saturated region of the substrate. Nevertheless, the 
longer impounding duration apparently limits the overall productivity of the system. 
As a result, some systems implemented a multi-stage treatment to carry out further 
microbial degradation of NO3
--N at the subsequent stage of treatment. 
2.3. Treatment of nitrogen in the VFCWs 
In a wetland ecosystem, nitrogen is regarded as one of the essential nutrients for plant 
growth, but excessive amounts of nitrogen in the watercourses have become a principal 
concern because of its severe consequences including eutrophication, hypoxia, and 
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toxicity, which eventually causes losses of biodiversity and habitats (Baker 1998). 
Nitrogen is an indispensable component of life and presents in many forms among the 
soil community (Robertson and Groffman 2007). The nitrogen compound within 
municipal wastewater and septage exist in the forms such as organic nitrogen (Org-N) 
and ammoniacal nitrogen (NH3-N and NH4
+-N), while the portion of oxidized nitrogen 
such as nitrite-nitrogen (NO2
--N) and nitrate nitrogen (NO3
--N) are minor. It should be 
noted that the fraction of these nitrogenous constituents in septage is dominated by 
origin and level of pre-treatment (Faulwetter et al. 2009).  
The treatment mechanisms in the VFCWs comprise an enormous number of processes 
that involve complex interactions between air, water, substrate and microorganisms 
(Kumar and Zhao 2011), which is a combination of physical, biological and chemical 
mechanisms. The physical mechanism, which mainly refers to the physical filtration, 
is important to the removal of particulate contaminants. The wetland bed is a deep 
porous medium that traps the solid particles in the influent at the top surface. This 
mechanism has been found to be the main contributor of excellent performance in 
removing total solids in the septage treatment (Liénard, Duchène and Gorini 1995). 
The solid particles filtered on the wetland surface forms a layer of   sludge   deposit, 
which potentially reduces the overall hydraulic performance of the system due to its 
low permeability. 
Biochemical mechanisms remove organic and nitrogenous pollutants from influent 
through the carbon and nitrogen cycles with the presence of microorganisms in the 
system (Grady Jr et al. 2011). The VFCW is an attached growth bioreactor, where the 
microbial communities are provided with the porous medium as a surface media for 
growth. Generally, these microorganisms might be categorized into heterotrophs and 
autotrophs, where the former digests organic carbon to obtain energy and carbon while 
the latter demands carbon dioxide and inorganic matter to grow. The nitrogenous 
compounds are consumed in these microbial activities as complementary components 
in the cell synthesis, oxidation and electron transfer.  
The overall nitrogen removal in VFCWs, in general, is still undesirable as the amount 
of NO3
--N were revealed to be high in the effluent (Liénard, Duchène and Gorini 1995; 
Paing and Voisin 2005; Vymazal 2007; Kengne et al. 2009; Troesch, A. Liénard, et al. 
2009). The noticeable nitrogen transformation processes found in the literature include 
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NH3-N volatilization, ammonification, nitrification, denitrification, nitrogen fixation, 
plant and microbial uptake, anaerobic NH4
+ oxidation, heterotrophic nitrification, 
sorption, desorption, etc. (United States Environmental Protection Agency 1999a; 
Vymazal 2007; Wallace and Austin 2008). Among the known nitrogen-cycling 
mechanisms, the sequential anoxic ammonification, aerobic nitrification and anoxic 
denitrification are recognized as the major nitrogen removal mechanism in CWs 
(Gersberg, Elkins and Goldman 1983; Bowmer 1987; Verhoeven and Meuleman 1999; 
Kuschk et al. 2003; Siracusa and La Rosa 2006; Vymazal 2007). Figure 2.3 illustrates 
a conventional nitrogen cycle within a CW system. The descriptions of these processes 
are summarized in the following section. 
2.3.1. Ammonification 
Ammonification occurs under both aerobic and anoxic conditions, and hence the 
removal of Org-N is always satisfactory in VFCWs (Vymazal 2010a). This 
biodegradation process releases the amino groups from organic compounds, 
subsequently converting into NH4
+-N to the medium (Grady Jr et al. 2011). 
Ammonification is a rapid process compared to nitrification and the rate is higher in 
the aerobic environment (Kadlec and Wallace 2008). In most of the cases, the Org-N 
 
 
Figure 2.3: Conventional nitrogen cycle in CWs 
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is readily biodegradable. The temperature, pH, C/N ratio, oxidizing state and available 
nutrients are the main influencing factors of ammonification (Martin and Reddy 1997).  
2.3.2. Nitrification and denitrification 
The reduced form of nitrogen generally exhibits in free ammonia (NH3-N) or ionized 
ammonium (NH4
+-N). The portion of NH3-N proportionally increases with pH, but 
NH4
+-N is still the majority in the most cases (Gerardi 2003).  The removal of can 
NH4
+-N is simply achieved through an oxidation process, so-called nitrification. This 
process is believed to be one of the most important biological processes in the wetland 
system.  
The biological nitrification occurs by the means of nitrifiers such as Nitrosomonas and 




--N as an intermediate product. Nitrification is typically recognized as a 
chemoautotrophic process, but recent studies have highlighted the participation of 
heterotrophic bacteria in this process (Grady Jr et al. 2011). Nitrification is favourable 
in VFCWs with intermittent loading due to its predominantly aerated condition. The 
common representation of overall nitrification is using two equations to describe this 
sequential biological process: 
𝑁𝐻4
+ + 1.5𝑂2  →  𝑁𝑂2
− + 𝐻2𝑂 + 2𝐻
+  (2.1) 
𝑁𝑂2
− + 0.5𝑂2  →  𝑁𝑂3
−  (2.2) 
where the first step is always assumed to be governed by the Nitrosomonas and the 
second step by Nitrobacter. The performance of this biological process is dependent 
on the level of aeration in the system. Furthermore, Zhao, Sun, and Allen (2004) 
indicated that the competition between the degradation of organic matter for DO also 
inhibit the performance of NH4
+-N oxidation as the heterotrophs are characterized with 
a higher respiration rate, using more oxygen in the decomposition of organic matter. 
Therefore, significant nitrification is only observed after a substantial amount of 
organic matter has been removed.    
In addition to the oxygen status, the alkalinity is a complementary inorganic carbon 
source in this process. By using the conventional half equation analysis, Grady Jr et al. 
(2011) showed that 8.64 mg of HCO3
- alkalinity are consumed when per mg of NH4
+-
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N is oxidized. Even though the amount of alkalinity might be sufficient for the 
nitrification, the rapid consumption will subsequently lead to a drop in the pH, where 
a depressed pH level eventually inhibits the nitrification process. Besides, the 
temperature and moisture content influences the rate of nitrification as well but is 
relatively minor compared to the effect of oxygen content and alkalinity (Vymazal 
2007).   
Denitrification is a heterotrophic process, where the heterotrophs decompose the 
organic compounds to obtain energy and carbon under anoxic conditions and NO3
--N 
acts as the terminal electron acceptors while the DO is limited in the system (Vymazal 
2007): 
6𝐶𝐻2𝑂 + 4𝑁𝑂3
−  ↔ 6𝐶𝑂2 + 2𝑁2 + 6𝐻2𝑂  (2.3) 
Dinitrogen gas is released as the final product of the reaction. The community of 
denitrifying bacteria consists of diverse organisms, while the chemo-heterotrophs is 
regarded as the majority in wastewater treatment (Vymazal 2007). In general, the lack 
of anoxic conditions in VFCW-based systems limits the occurrence of denitrification, 
subsequently reducing the efficiency of nitrogen removal (Platzer 1999; Liu, Dahad 
and Surampali 2005; Yalcuk and Ugurlu 2009).  
The influencing factors to denitrification include temperature, pH, microbial 
community, available organic carbon source and moisture content (Lee, Fletcher and 
Sun 2009). Saeed and Sun (2011a) highlighted that the overall nitrogen removal via 
denitrification showed a dependency on the properties of the substrate, where the 
substrate constructed by organic material performed better in the nitrogen removal. It 
is due to the leaching of organic carbon that recharges the carbon ratio to enhance the 
denitrification rate. The different requirement in terms of the oxygen availability 
between nitrification and denitrification is the main challenge in achieving a high 
removal rate of nitrogen in specific CW system (Vymazal 2007). 
2.3.3. Plant uptake and other mechanisms  
Plant uptake plays a remarkable role in nitrogen removal (Brix 1997; Liu, Dahad and 
Surampali 2005; Mayo and Bigambo 2005). The plants uptake of NH4
+-N and NO3
--
N as nutrients and subsequently convert into organic nitrogen for cell formation at 
different rates ranging from 2-88 gN m-2 yr-1 (Vymazal 2007). However, according to 
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Stottmeister et al. (2003), Langergraber (2005) and Vymazal (2007), it was indicated 
that the contribution of plant uptake towards overall nitrogen removal was 
insignificant in VFCW compared to the microbial processes. A complete nitrogen 
removal through plant uptake has to be accompanied with annual harvesting to avoid 
the return of organic nitrogen to the wetland due to the decomposition of plant material 
and litter.  
The adsorption of ionized NH4
+-N is prevailing while sufficient hydraulic retention 
time and suitable substrate media are provided, especially when the organic matter is 
a presence in the wetland bed (Fetter and Fetter Jr 1999). The detail of this mechanism 
is elaborated in section 4.2.1. The processes such as anaerobic NH4
+-N oxidation, 
heterotrophic nitrification, and ANNAMOX have been found to be a potential nitrogen 
removal mechanism in CWs. However, the studies of this mechanisms are still limited 
(Lee, Fletcher and Sun 2009).  
In summary, the rates of the biological nitrogen removal mechanisms depend on 
numerous environmental factors (climate), influent characteristic (concentration of 
nitrogenous constituents, carbon/ nitrogen ratio, pH), system-related factors (substrate 
profile, biomass storage, vegetation maturity) and operation-related factors (HLR, 
retention time, feeding regime), which increase the complexity of the modelling of 
nitrogen transformation and removal mechanisms in the VFCW-based septage 
treatment system (Lee, Fletcher and Sun 2009).  
2.4. Current status of subsurface-flow CW modelling for nitrogen transformation 
and removal 
The VFCW is a complex bioreactor that is sensitive to the surrounding environment, 
resulting in more difficulties in the prediction of its treatment performance compared 
to other types of wastewater treatment method such as trickling filter and activated 
sludge system (Kadlec and Wallace 2008). The fundamental simulation of the 
processes in VFCW can be achieved by means of a first-order kinetics model (Haberl 
et al. 2003; Langergraber 2008; Kumar and Zhao 2011), which is a series of analytical 
equations derived empirically from the relationship between the influent and effluent 
concentration of the particular contaminants. This method assumes that the hydraulic 
behaviour and all parameters remain constant throughout the operation, and thus it 
only consist of  two components, which are first-order removal rate constants (k) and 
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background concentration (C*) (Martin and Reddy 1997; Gerke, Baker and Xu 2001). 
Such an approach is used to predict the effluent concentration for design purposes 
(EPA 1999, 63; Kumar and Zhao 2011, 400). Nevertheless, the first-order kinetics 
model is considered at a “lumped” level due to the lack of process quantification, and 
thus it is incapable of providing a reliable result when the flow and parameters are 
varied during operation (Kadlec 2000). This drawback is significant in the modelling 
of VFCWs due to its variably-saturated flow. In addition, the hydraulic behaviour of 
the wetland bed is actually a function of time. 
As a result, a mechanistic model is an adequate approach to describe the complex 
interactive processes within VFCWs (Langergraber 2011). In the early 21st century, 
the development of mechanistic modelling for subsurface-flow CWs was remarkable 
(Langergraber, Giraldi, et al. 2009). This approach successfully delivers a better 
prediction on the treatment performance, as the VFCW is always conceptualized as an 
accumulated system, which allows for time-varying conditions caused by the substrate, 
vegetation, and biomass capacity along the operating period.  
As this type of model always incorporates a hydraulic module and associated reaction 
kinetics, it is capable of describing comprehensive interactions between influent and 
wetland ecosystems during treatment. In this review, several existing mechanistic 
models for subsurface-flow CWs are presented. The reviewed models must be capable 
of modelling the reactive transport of nitrogenous constituents, while the models which 
excluded the simulation of nitrogen processes such as Rajabzadeh, Legge, and Weber 
(2015) are not included.   
2.4.1. Reactive transport models in saturated conditions 
2.4.1.1.  Wynn and Liehr (2001) 
Wynn and Liehr (2001) introduced a mechanistic model that incorporated six 
interacted modules to simulate the treatment behaviour in an HFCW. The authors 
conceptualized the model by taking the CW as “a series of continuously stirred tank 
reactors (CSTRs)”, and the model was programmed using a simulation software called 
STELLA II. This model aimed to reproduce the dynamics of carbonaceous and 
nitrogenous constituents by considering the microbial processes, associated water 
budget and oxygen status within the system.  
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The flow in the wetland bed was modelled using Darcy’s equation, where the hydraulic 
gradient was determined by the bed slope. Precipitation and ET were taken into 
account in the hydraulic module. The vegetation and organic carbon in the wetland 
bed were included in the carbon cycle. In addition, six nitrogen compounds were 
considered, including dissolved Org-N, particulate Org-N, NH4
+-N, NO3
--N, 
immobilized nitrogen and nitrogen content in accumulated sludge.  
In this model, the transformation mechanisms involved in the nitrogen cycle were 
ammonification, immobilization, nitrification, denitrification, sludge accumulation 
and plant uptake. The dissolved nitrogen was assumed to be absorbed by heterotrophic 
or autotrophic bacteria as complementary compounds in nitrification-denitrification 
and assimilated by the vegetation as a nutrient. Therefore, the reaction rates of 
nitrification and denitrification were governed by the microbial growth. The microbial 
transformations were correlated to the oxygen availability. The assimilation rate of 
nitrogen within vegetation was a function of plant growth and nutrient content (C/N 
ratio).   
The microbial activities were divided into autotrophic and heterotrophic processes, 
where the previous represents the nitrification and the later indicates metabolism of 
organic carbon and denitrification. Monod dual-substrate limitation kinetics was 
utilized to estimate the microbial growth. The limited substrates of the Monod kinetics 
in autotrophic and heterotrophic dynamics were NH4
+-N and total organic carbon 
(TOC), respectively. The microbial growth demand DO in the process, where its 
source was dependent on inherent oxygen and vegetation transport in the wetland bed. 
The temperature and pH were also included as the factors that influence the growth 
rate.    
On the other hand, the particulate organic carbon and nitrogen were assumed to be 
accumulated on the wetland surface at a constant rate, which was modelled as the 
forming of sludge deposit layer. Then, the excessive dissolved constituent was 
discharged or retained in sludge deposit. This model considered that the particulate 
constituents were completely trapped within the wetland bed.  
The simulated results were calibrated using a working HFCW. In general, this 
mechanistic model yielded satisfactory results towards the effluent concentrations of 
organic matter and nitrogenous constituents with regards to seasonal trends, which 
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validated that the interactions between sub-models were reasonably simulated. 
However, the model was unable to cope with the variation of individual parameters 
because of its complex network of transformation mechanisms. Furthermore, the 
simulated results were generally governed by the microbial development and the 
associated limited constituents. In order to establish a practical design tool for HFCWs, 
the authors suggested that further studies should be conducted to identify the effect of 
hydraulic behaviour on treatment performance and microbial growth, as well as the 
impact of NH4
+-N adsorption, the adequacy of the simplified carbon cycle and the 
oxygen transfer module. 
2.4.1.2. Liu, Dahad, and Surampali (2005) 
Liu, Dahad, and Surampali (2005) applied a compartmental analysis to develop a 
sequential nitrogen transformation model for SSF CWs. The model was calibrated 
based on a set of performance data obtained at a full-scale HFCW system and was 
conceptualized as a series of CSTRs that exhibited a sequential nitrogen 
transformation network. Ordinary differential equations were utilized to determine the 
associated exchange rate of constituents between the compartments, where the 
solutions were obtained using the Levenberg-Marquardt nonlinear optimization 
method. The total mass in each compartment was then estimated as a result of mass 
conservation law, first-order rate constant and the rate of exchange.  
In this model, Org-N and NH4
+-N were assumed to be the major nitrogen form in the 
influent, while the influence of NO2
--N and NO3
--N were relatively minor. The 
mechanisms involved in the nitrogen cycle encompassed ammonification, nitrification, 
denitrification and plant uptake. The reaction rates of ammonification, nitrification and 
denitrification were implemented in terms of first-order kinetics, while plant uptake is 
described using zero-order approach. 
The simulated results of the averaged effluent concentrations for Org-N, NH4
+-N, and 
NO3
--N were fair, but the model was undesirable in obtaining peak concentration. It 
was suggested that the model can be improved by implementing a more comprehensive 
series of CSTR. This study concluded that 1/3 of influent nitrogen was removed 
through sequential nitrification and denitrification, while 1/3 was assimilated by plants, 
and the remaining was discharged in the effluent.  
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2.4.1.3. Mayo and Bigambo (2005) 
Mayo and Bigambo (2005) proposed a numerical model that covered the activities of 
both suspended and attached microbes to predict the nitrogen removal in HFCWs. The 
model was developed using STELLA II while a field-scale HFCW were used to 
calibrate the model and validate the results. The most significant achievement of this 
model was incorporating the activities of both suspended biomass in the water and 
biofilm attached to the substrate and plant roots. The nitrogenous compounds involved 
were particulate Org-N, dissolved ON, NH4
+-N and NO3
--N, and each was modelled 
using a mass balance approach to predict the substance entered in the system and 
removed from the system. 
Monod kinetics equations were implemented to describe the growth of suspended and 
attached microbes. Then, these microbial behaviours were further used to compute the 
reaction rate in terms of first order kinetics. In summary, the input required by the 
nitrogen dynamics were temperature, substrate characteristics, oxygen status, loading 
rate, pH, roots surface area, influent characteristics and biofilm conditions. According 
to the simulated results, it was concluded that the principle nitrogen removal 
mechanisms were denitrification (29.9%), plant uptake (10.2%) and sedimentation 
(8.2%) in an HFCW. In a further study, Bigambo and Mayo (2005) elaborated the role 
of biofilm in the nitrogen transformation with HFCWs. The investigation found that 
the biofilm was vital to the efficiency of nitrification and denitrification, but it 
impacted less upon the removal of Org-N. 
2.4.1.4. Wang et al. (2009) 
Wang et al. (2009) applied a similar approach in Mayo and Bigambo (2005) to 
numerically investigate the nitrogen cycle in a VFCWs. The model was developed 
using the simulation program MAPLE 5.1 with a four-dimensional numerical 
approach. Four nitrogenous constituents including Org-N, NH4
+-N, NO3
--N, and 
assimilated nitrogen within vegetation were modelled with regards to the retention 
time within the substrate. Five transformation mechanisms were taken into account, 
which was ammonification, nitrification, denitrification, plant uptake, and ammonia 
volatilization. The Monod kinetics equations were utilized to simulate the biological 
processes, where the temperature and pH were considered as the main influencing 
factors in microbial development. The model was then validated by comparing to an 
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existing system that had operated for three years. The simulated results of overall 
nitrogen removal were fair compared to the measured data. 
2.4.1.5. Rousseau (2005) 
Rousseau (2005) proposed a mechanistic model that incorporated the carbon and 
nitrogen cycles, microbial and vegetative-mediated processes for HFCWs. The author 
aimed to implement the existing conventional wastewater treatment model Activated 
Sludge Model 1 (ASM1) (Henze et al. 2000) to develop a multi-component reactive 
transport model. In order to give an insight into the long-term performance of the 
system, the influence of clogging processes and associated climatic data were assessed 
in this model too.  
This mechanistic model simulated the flow condition using the CSTR approach. The 
Darcy’s equation was used to predict the steady-state flow in the porous substrate. The 
microbial-mediated processes were conceptualized based on the ASM1 with the 
addition of several mechanisms obtained from the later version of ASM (Henze et al. 
2000). ASM is a simple numerical model that describes the biological conversion 
within a single suspended microbes-based treatment reactor carrying out respiratory 
degradation, nitrification, and denitrification. In this model, the behaviour of microbial 
processes was governed by the oxygen distribution along the substrate. The anaerobic 
removal mechanisms apparently dominated the overall treatment due to the limited 
oxygen transfer in HFCWs.  
As for physical mechanisms, it was assumed that the HFCWs most likely filtered all 
the suspended solids at the inlet zone, whereby the discharge of solids might occur at 
a high loading rate. On the other hand, the aging biofilm was postulated to be retained 
within the porous medium, simultaneously undergoing metabolism until it was 
discharged by a peak flow. The growth and decay of vegetation were determined by 
means of nutrient availability. Lastly, the oxygen consumption and restoration were 
predicted based on the interactive processes mentioned above. In summary, this model 
consisted of twenty-six state variables and twenty-six mass balances due to the 
complexity of the conceptual mechanisms network. 
The simulated results of this mechanistic model were validated by a pilot-scale HFCW 
(55 m2) and an experimental system (0.55 m2). The drawbacks had been found on the 
uncertainties of wastewater characteristics and insufficient experimental 
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measurements of the loading dynamic, as well as the non-calibrated parameter used in 
the simulation; however, this mechanistic model yielded fair results in terms of 
treatment performance and effluent quality.  
The author indicated that this model was not yet a practical design tool at the time of 
writing, mainly attributed to its excessive input of parameters. However, with this 
model, a guideline was established on the complex interactive mechanisms within 
HFCWs. Emphasis was also placed on the consideration of adequate influent 
characteristics. Further investigation is required for the physical oxygen transport 
mechanisms and the subsequent effect caused by the particulate substances retained in 
the porous medium. 
2.4.1.6. Ojeda et al. (2008) 
Ojeda et al. (2008) developed a two-dimensional numerical model based on the code 
RetrasoCodeBright to reproduce the biochemical degradation processes involved in 
the HFCW system that received urban wastewater. The main aim of the model was to 
estimate the relative contribution of different microbial mechanisms in removing 
organic matter, as well as the nitrogen transformation processes including nitrification 
and denitrification. The authors utilized this model to investigate the impact of organic 
loading rate on both the overall removal efficiency and the microbial processes.  
RetrasoCodeBright is composed of the reactive transport model Retraso (Saaltink et 
al. 2004) and multiphase flow and heat code CodeBright (Olivella et al. 1996), which 
is capable of describing the movement of dissolved and gaseous constituents under 
non-isothermal saturated or unsaturated condition in the finite element method 
(Saaltink et al. 2003). This reactive transport model consists of fourteen reaction 
processes incorporating eight equilibrium laws and six kinetics equations. The reaction 
kinetics used in this model was a model established by Van Cappellen and Gaillard 
(1996), which involved a range of aerobic, anoxic and anaerobic processes that took 
place simultaneously. The noteworthy microbial-mediated processes included are 
hydrolysis, aerobic respiration, nitrification, denitrification, sulphate reduction and 
methanogenesis. These processes were implemented using first-order kinetics with 
multiplicative Monod-type expressions.  
A set of experimental results were obtained from two HFCWs with a total surface area 
of 55 m2 to calibrate and validate the efficiency of the model. According to the 
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simulated results, anaerobic reactions dominated the organics removal in HFCWs, and 
variation in the HLR affected the removal efficiency significantly. This model fairly 
predicted the concentration of NH4
+-N and NO3
--N in the effluent and compared 
favourably with the experimental measurements. Due to the lack of aerobic condition 
in the system, the occurrence of nitrification was limited, resulting in a relatively high 
concentration of NH4
+-N observed in both measured and simulated results.  
2.4.1.7. Saeed and Sun (2011b) 
Saeed and Sun (2011b) compared the availability of three kinetics models, including 
first order kinetics, single Monod and multiple Monod kinetics in predicting the 
biodegradation of nitrogen and the removal of organic matter in a subsurface VFCW 
and HFCW. This study proposed a simplified design tool by linking the effluent water 
quality to the influent condition, which effectively reduced the number of empirical 
parameters required in the mechanistic model. 
The hydraulic behaviour of the VF system was described using a CSTR flow approach 
while the HF system was based on ideal plug flow pattern. The water quality 
parameters involved in the kinetics modelling are NH4
+-N, NO3
--N, BOD5, and COD. 
Accordingly, nitrification and denitrification are the processes in-charge of NH4-N and 
NO3-N removal, respectively. Both BOD5 and COD removal are achieved by 
heterotrophic degradation. This review focuses on the simulation of the VF system 
only.  
The kinetics dynamics in CSTR flow pattern is estimated by hydraulic retention time, 
which is calculated based on inlet discharge, and dimension and porosity of wetland 
bed.  In terms of first order kinetics, the expression of dynamics can be correlated to 
influent and effluent concentration and loading rate. Then, the single Monod kinetics 
includes a maximum removal rate and limiting substrate in the equation. This approach 
can be enhanced to comprise multiple limiting substrates. 
In this model, the limiting substrate of Monod kinetics was NH4-N and dissolved 
oxygen for nitrification, while denitrification was restricted by NO3-N and COD. In 
addition to this, the denitrification only occurs under anoxic conditions, and thus an 
inhibitory oxygen constant is implemented in the kinetics expression. The 
heterotrophic degradation of BOD and COD take the concentration of organic matter 
and dissolved oxygen as a substrate in the process.   
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 2 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage            Literature Review 
   
33 
 
The simulated results were compared to the measured data obtained from eight 
laboratory-scale VFCW columns. The multiple Monod kinetics model with CSTR 
flow pattern demonstrated the best match with measured data for denitrification and 
heterotrophic degradation of organic matter, while the single Monod kinetics model 
predicted the most accurate effluent concentration of NH4-N. In summary, the Monod 
kinetics with CSTR model is a practical and adequate method for simulating the 
performance of subsurface VFCW. Nevertheless, such an approach is limited by the 
assumption of steady-state hydraulic conditions, as well as the removal of nitrogen 
components which are completely attributed to biological degradation. The effect of 
vegetation and the influence of clogging were omitted in this study.     
2.4.1.8. BIO_PORE (Samsó and Garcia 2013) 
Samsó and Garcia (2013) established a two-dimensional mechanistic model, 
BIO_PORE, which merged a variety of physical and biological mechanisms to predict 
the long-term performance of an HFCW. This model was developed using the finite 
element simulation software COMSOL Multiphysics™ by incorporating a general 
bio-kinetics model, Constructed Wetland Model number 1 (CWM1) (Langergraber, 
Rousseau, et al. 2009a). This review focuses on the innovative biofilm sub-model, 
which gave an insight into the limited biomass growth and the associated clogging 
phenomenon in HFCW. The bio-kinetics simulated by CWM1 will be introduced in 
the following section.    
BIO_PORE applied Darcy’s equation to describe the 2D longitudinal saturated flow 
in the wetland bed. The microbial activity of dissolved components is constrained in 
the aqueous phase, which utilized the advection-dispersion equation (ADE) to model 
the solute transport through the wetland bed. A first-order attachment-detachment 
process was adjoined to the microorganism to describe the mechanism of biofilm. The 
oxygen distribution and nutrient uptake via plant were considered in this model.   
BIO_PORE adapted a limitation of microbial growth in terms of substrate and space 
availability in order to minimize the overestimation of treatment efficiency. Primarily, 
the microbial growth is limited by the available substrate in the influent, and the space 
constraint is mainly attributed to the reduction of pore volume within the wetland bed 
due to the accumulated inert solids. The hydraulic performance was independent of 
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the reduction of porosity due to the accumulation of particulate constituents in the 
porous medium. 
A pilot-scale HFCW with the length of 10.30 m and width of 5.30 m was used to 
calibrate and validate the BIO_PORE model. The inlet zone was located at the first 
0.30 m length of the bed, which also acted as the mixing zone in this model. The depth 
of the bed at the inlet was about 0.60 m and at the outlet was 0.70 m. The results 
showed that BIO_PORE successfully estimated the hydraulic behaviour of the pilot 
system and gave fairly accurate predictions on COD and NH4-N concentrations in the 
effluent. Water temperature was found to be an important parameter to improve the 
accuracy of the simulation, but the effect of oxygen transport and nutrient uptake via 
vegetation in BIO_PORE were insignificant compared to the measured results. In 
addition to this, the influence of microbial growth and associated accumulation of inert 
particulate constituents were further investigated in a long-term scenario, subsequently 
leading to the introduction of “the Cartridge Theory” that described the interaction 
between microorganisms and accumulated particulate constituents to illustrate the 
phenomenon of progressive clogging throughout operational duration of a HFCW 
(Samsó and García 2014).   
2.4.2. Reactive transport models in variably-saturated conditions 
In contrast to the continuous feeding mode in HFCWs, the intermittent loading regime 
in VFCWs causes pores in the substrate to be partially filled during infiltration, 
resulting in a “continuously varying saturation level” along the wetland bed (Giraldi 
and Iannelli 2009). Simulation methods such as the CSTR approach, and the flow 
models using Darcy’s equation might be inappropriate for modelling treatment 
mechanisms of VFCWs with such a loading regime. As a result, a transient variable-
saturated flow module is required for the development of mechanistic models 
(Langergraber and Šimůnek 2005; Giraldi, de Michieli Vitturi and Iannelli 2010).  The 
development of the variably-saturated numerical flow model is complex since it is 
constituted by time-varying parameters and is often governed by gravitation and 
capillary action. Due to the complexity and uncertainty of the variably-saturated flow, 
such simulation is highly dynamic and always considered as a “black-box” 
(Langergraber, Giraldi, et al. 2009; Morvannou et al. 2013b). In this section, several 
mechanistic models developed for nitrogen dynamics under variably-saturated 
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conditions are introduced, either simulating the flow statistically or numerically. The 
HYDRUS-CW2D (Langergraber and Šimůnek 2005) and FITOVERT (Giraldi, de 
Michieli Vitturi and Iannelli 2010) are considered as the landmarks in the field of 
mechanistic modelling of VFCWs, and thus these models are reviewed in detail in this 
section.  
2.4.2.1. HYDRUS-CW2D (Langergraber and Šimůnek 2005) 
HYDRUS-CW2D (Langergraber and Šimůnek 2005) is a multi-component reactive 
transport model for a VFCW. In this model, the hydraulic behaviour is quantitatively 
described using a variably-saturated water flow and solute transport software, 
HYDRUS-2D (Šejna and Šimůnek 2007). HYDRUS-2D simulates the two-
dimensional, variably-saturated flow using Richards equation (Richards 1931) with 
the van Genuchten-Mualem soil parameters (Mualem 1976; van Genuchten 1980). The 
effect of transpiration was considered as a sink term in the simulation. Richards 
equation (Richards 1931) is a common equation to reproduce the variably-saturated 












 – 𝑆 (2.4) 
where θ denotes the volumetric water content [L3 L-3], h indicates the hydraulic head 
[L], t denotes the time [T], z represents the vertical coordinate (positive upwards) [L], 
K is the unsaturated hydraulic conductivity [L T-1], and S represents the source/sink  
term. The source/sink term is used to represent the additional water due to precipitation 
or water loss via ET. 
The simulation of hydraulic behaviour depends on the hydraulic properties of the 
porous medium, which is always represented as unsaturated hydraulic conductivity K. 
The determination of K is always challenging, where a set of empirical parameters that 
are hard to obtain is required (Maier et al. 2009).  Direct field measurement of K is 
time-consuming and costly, and thus an indirect estimation is always adapted to 
theoretically compute K from a soil-water characteristic curve (SWCC). The SWCC 
is a non-linear function describing the relationship between volumetric water content 
and the pressure potential. This study implements the analytical model proposed by 
van Genuchten (1980), which predict the unsaturated hydraulic conductivity by 
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coupling the concept of empirical pore-size distribution simulation established by 
Mualem (1976): 


















where θr is the residual water content [L
3L-3], θs is the saturated water content [L
3L-3], 
α [L-1], n [-], and m (=1-1/n) [-] are the empirical van Genuchten’s shape parameters 
of the SWCC, Ks is the saturated hydraulic conductivity [LT
-1], and l is Mualem’s pore 
connectivity parameter (=0.50) [-]. This van Genuchten – Mualem (VGM) model has 
been widely applied in simulating the variably-saturated flow processes in VFCW 
(Langergraber and Šimůnek 2005; Wanko et al. 2006; Maier et al. 2009; Giraldi, de 
Michieli Vitturi and Iannelli 2010).  
In HYDRUS-2D, a preferential flow theorem has been used, which considered the 
mobile-immobile liquid phase with potential water exchange between the phases 
(Langergraber 2003). Then, the solute transport is theoretically described by using the 
advection-dispersion concept in the liquid phase, gaseous phase and a transition phase 
between solid and liquid phases. HYDRUS-2D can be used under a variety of 
boundary condition including surface ponding and reduction of peak flow.  
In HYDRUS-2D, the macroscopic reactive transport of component (subscript i) was 
simulated using the ADE with the consideration of sorption and decay, which governs 






=  ∇(𝜃𝐷𝑖∇𝑐𝑖) − ∇(𝑞∇𝑐𝑖) +  𝑆𝑐𝑠,𝑖 + 𝑟𝑖 (2.7) 
where i is the number of components (=1… N), ci is the concentration in the aqueous 
phase [ML-3], si is the concentration in the solid phase [M M
-1], θ is the volumetric 
water content [L3 L-3], ρ is the soil bulk density [M L-3], Di is the effective dispersion 
tensor [L2 T-1], q is the volumetric flux density [L3 L-2 T-1], s is the source-sink term 
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[L3 L-3 T-1], cs,i is the concentration of the source-sink [M L
-3], and ri is the reaction 
term [M L-3 T-1].  
The advection describes the solute movement due to the fluid flow, while dispersion 
indicates the displacement of the dissolved substances spread out from the expected 
flow path in a porous medium (Kresic 2006). In equation 2.10, the advection is 
represented by the second term in RHS, where the transport is proportional to the flux 
intensity. A dispersion tensor is used to reproduce the degree of dispersion, which is a 
combined coefficient of mechanical dispersion and diffusion. The source-sink term 
reproduces the adsorption and desorption of dissolved substances between the liquid 
and solid phases. Lastly, the reaction term is the decay or reproduction along the 
transport process. This type of ADE model is widely applied in modelling the 
treatment performance of VFCWs and similar systems (Wanko et al. 2006; Giraldi, de 
Michieli Vitturi and Iannelli 2010), including the modelling of oxygen distribution in 
the gaseous phase.  




-, N2, inorganic phosphorus, organic matter (subdivided into readily-
biodegradable, slowly biodegradable and inert organic matter), heterotrophic bacteria 
and two species of autotrophic bacteria. It should be noted that organic nitrogen and 
organic phosphorus are included under organic matter. Simultaneously, nine processes 
are considered, which consist of hydrolysis, mineralization of organic matter, 
nitrification (two-stage process), denitrification and lysis of microorganisms. The 
heterotrophic bacteria were set to be responsible for hydrolysis, mineralization, and 
denitrification, whereas the autotrophic bacteria carried out the nitrification.  
The population of microorganisms was postulated to be uniformly distributed along 
the bed while the physical effect of biofilm was omitted. The sorption-desorption 
process was considered to describe the growth of biofilm that attaches on the porous 
medium. The Activated Sludge Model (ASM) (Henze et al. 2000) was applied as the 
basic concept of the numerical computation of microbial growth and transformation 
by means of stoichiometry matrix. The transformation and degradation processes were 
expressed using the first-order Monod-type equation and the rate constant was 
dependent on temperature. The simulation of nutrient uptake by plants has been found 
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to be effective under a specific condition. (Langergraber 2005). On the other hand, 
oxygen release via roots was encompassed as a re-aeration process in CW2D. 
Comparisons of the simulated water flows with the experimental measurements (flow 
rate measurements and tracer tests) have validated the reliability of CW2D in 
estimating the effluent volume (Langergraber and Šimůnek 2005), as well as the effect 
of temperature (Langergraber 2007) and vegetation (Langergraber and Šimůnek 2012) 
to the efficiency of simulation. The model has been successfully applied to one-stage 
and two-stage VFCW treating domestic wastewater (Langergraber and Šimůnek 2005; 
Morvannou et al. 2014), a two-stage, pilot-scale hybrid system treating domestic 
wastewater (HF and VFCW) (Toscano et al. 2009) and a system designed for 
combined sewer overflow (CSO) treatment (Dittmer, Meyer and Langergraber 2005). 
Langergraber and Šimůnek (2005) suggested several improvements needed for CW2D 
including the investigation of the hydraulic performance in field-scale CWs, 
estimation of substrate clogging and the optimization of the experimental methods to 
obtain parameters used in the model.  
In order to elaborate the capability of HYDRUS-CW2D, an example of simulating 
nitrogen removal is introduced. Morvannou et al. (2014) modelled the nitrogen 
removal in a VFCW treating domestic wastewater using the HYDRUS-CW2D. The 
characterization of the hydraulic properties of the system is described in Morvannou 
et al. (2013a), where the direct laboratory methods and the inverse modelling from in 
situ measurements were used. The results showed that the direct laboratory 
measurements failed to reproduce the water content obtained from the laboratory 
experiments, while the inverse modelling showed a better reliability in the simulation. 
The inherent concentration and the maximum growth rate of autotrophic biomass are 
determined by a solid respirometric technique (Morvannou et al. 2011). The calibrated 
parameters reasonably simulated the residual COD, NH4
+-N, and NO3
-- N in the 
effluent, as well as the DO and biomass in the wetland bed. The oxygen re-aeration 
rate and the adsorption coefficient of is the most sensitive parameters in optimizing 
the simulated results. The adsorption of NH4
+-N delivered a significant contribution to 
the overall nitrogen removal, and the nitrification occurred during the resting period 
caused a higher NO3
--N concentration in the early effluent of the subsequent loading. 
The study also highlighted that further research should be conducted to include the 
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influence of sludge layer in the hydraulic simulation. In addition, the determination of 
oxygen transfer and the application of the non-equilibrium model in the hydraulic 
simulation was required to be investigated.  
2.4.2.2. CWM1 (Langergraber, Rousseau, et al. 2009a) 
CWM1 (Langergraber, Rousseau, et al. 2009a) was introduced as an advanced version 
of CW2D. The motivation for proposing this bio-kinetics model was to obtain an 
insight into the biochemical transformation and removal mechanisms of organic matter 
and nitrogenous compounds in subsurface-flow CWs with a minimum number of 
processes. Compared to CW2D, anaerobic microbial processes such as fermentation, 
methanogenesis, and sulphate reduction were taken into account in CWM1. Therefore, 
it is also an appropriate tool to model an HFCW system (Langergraber and Šimůnek 
2012). In addition, the reactive transport in gaseous phases was excluded in this model, 
as well as the consideration of phosphorus constituents due to its minor influence to 
the overall simulation. CWM1 encompassed sixteen components and seventeen 
processes. Eight dissolved components and eight particulate components were 
considered and are summarized as follows. 
 Soluble components: (a) dissolved oxygen, (b) fermentable, readily biodegradable 
soluble COD, (c) fermentation products as acetate, (d) inert soluble COD, (e) 
NH4
+-N/ NH3-N, (f)  NO2
--N / NO3
--N, (g) sulphate sulphur, (h) 
dihydrogensulphide sulphur. 
 Particulate components : (a) slowly biodegradable particulate COD, (b) inert 
particulate COD, (c) heterotrophic bacteria, (d) autotrophic nitrifying bacteria, (e) 
fermenting bacteria, (f) Acetotrophic methanogenic bacteria, (g) Acetotrophic 
sulphate reducing bacteria, (h) sulphide oxidizing bacteria. 
The processes involved in this model are hydrolysis, the aerobic growth of 
microorganisms, the anoxic growth of microorganisms, and lysis of microorganisms. 
The reaction kinetics was described as a stoichiometry matrix, which was based on the 
ASM approach mentioned previously. The author indicated that the consideration of 
variably-saturated flow in the porous wetland bed, effect of vegetation, transport of 
particulate constituents and substrate clogging, physical re-aeration and adsorption-
desorption process were important to develop a reliable mechanistic model for 
subsurface-flow constructed wetlands. CWM1 has been successfully applied with 
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various hydraulic and reactive transport simulation software including HYDRUS-2D 
(Langergraber and Šimůnek 2012), RetrasoCodeBright (Llorens, Saaltink and García 
2011) and AQUASIM (Mburu et al. 2012) to simulate the treatment behaviour of 
different CW systems. 
2.4.2.3. FITOVERT (Giraldi, de Michieli Vitturi and Iannelli 2010) 
Giraldi, de Michieli Vitturi, and Iannelli (2010) developed a mono-dimensional 
dynamic multi-component reactive transport model FITOVERT for VFCW using the 
simulation software MATLAB®. In summary, this model comprehensively 
reproduced the variably-saturated flow in a multi-layered wetland bed that took the ET, 
the biochemical transformation and removal of organic matter and nitrogen, the 
transport of solute and particulate components, as well as the oxygen recharging into 
account. Moreover, the most noteworthy achievement of FITOVERT was its 
capability to estimate the clogging problem from the accumulation of particulate 
compounds and biofilm growth above the wetland bed and within the upper layer of 
the wetland bed. 
FITOVERT subdivided the vertical-flow wetland bed into a self-decided number of 
homogeneous horizontal layers. Each layer can be input with different hydraulic 
characteristics and initial conditions. Then, the flux was assumed to be “time-varying 
hydraulic and organic loads” applied on the surface of wetland bed, and the boundary 
condition might be altered automatically due to the surface ponding that occurs when 
the applied load exceeds the infiltration capacity of the top layer of wetland bed. On 
the other hand, the bottom of the wetland bed was modelled as a “valve”, where the 
percolate can be either assumed to be discharged freely or impounded within the 
wetland bed. The water flow was simulated according to Richards equation, which was 
solved by using a general mass-conservative numerical solution in the form of 
modified Picard iterative method  (Huang, Mohanty and van Genuchten 1996). The 
van Genuchten – Mualem theory was applied to determine the unsaturated hydraulic 
characteristics. The water balance considered the water loss via evaporation and plant 
uptake individually, which were implemented in separated approaches but not a 
combination of potential ET.  
In FITOVERT, the biochemical kinetics was directly based on the Activated Sludge 
Model No. 1 (ASM1) (Henze et al. 2000). This biochemical kinetics module 
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considered seven dissolved components and six particulate components. The 
microbial-mediated processes consisted of eight first-order Monod-type equations, 
which was presented using a stoichiometry matrix with proper mass balance 
parameters. In VFCW, the development of the microbial community generally 
happens by attachment onto the surface of porous medium and plant’s rhizosphere, 
which is different from the assumption in ASM1 in which microorganisms were 
modelled as suspended biomass within the system. In addition to this, FITOVERT 
involved “kinetics of diffusion” to describe the reaction between dissolved 
components and microorganism. Neither the nutrient nor metal uptake by the 
vegetation was considered, as well as the phenomenon of adsorption of phosphorus. 
The solute transport in the liquid phase was simulated with regards to the ADE 
proposed by Bresler (1973) and the transport of particulate components was based on 
the concept developed by Iwasaki, Slade, and Stanley (1937). The implementation of 
the transport of dissolved oxygen was the same as solute transport for the microbial 
processes. Besides, the diffusive exchange of oxygen in the gaseous phase was 
included in this model. Fick’s law was utilized to compute the conversion between 
dissolved oxygen and gaseous oxygen. 
As mentioned previously, FITOVERT gave an insight into the accumulation of 
microorganisms and particulate components within the porous medium, subsequently 
providing a useful prediction on the occurrence of substrate clogging. The reduction 
of pore size was estimated through the volumetric specific deposit, and this parameter 
was used in the Kozeny-Carman equation (Boller and Kavanaugh 1995) to describe 
















where K0 is the hydraulic conductivity for the clean filter [L T
-1], ε0 is the porosity of 
the clean filter [L3 L-3], p, x, and y are the empirical parameters [-].  
A good agreement of hydraulic simulation of FITOVERT and measured data was 
obtained (Giraldi and Iannelli 2009). This model incorporated the ET and clogging 
processes, which ensures a more accurate water balance from the influence of 
vegetation and porosity reduction due to the accumulation of particulate constituents 
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and biomass. Nevertheless, the overall performance of reactive transport simulation 
had not been calibrated and validated. 
2.4.2.4. McGechan, Moir, Sym, et al. (2005) 
McGechan, Moir, Sym, et al. (2005) simulated the transformation of both organic and 
inorganic nitrogen in subsurface CWs based on the concept of reed beds. The model 
was applicable to both HFCWs and VFCWs, and their simulation was distinguished 
based on the hydrology and aeration status. In VFCWs, the water flow was simulated 
as the time needed by the influent to percolate through the wetland bed and a flooded 
layer at the wetland surface was taken into account. 
The nitrogen cycle in this model was modified from a soil nitrogen transformation 
model, where Org-N, NH4
+-N, NO2
--N and NO3
--N were taken into account. 
Nitrification and denitrification were expressed as two-stage processes, where the 
NO2
--N acted as an intermittent compartment. Microbial-mediated processes were 
presented using first-order Monod kinetics equations. In this model, the relative 
contribution of different processes was dominated by the aeration status (aerobic, 
anaerobic and facultative).  
The model has been calibrated and verified with a hybrid CW system. This model 
reproduced reliable results by using calibrated rate constants obtained from the 
experimental system. The model was further upgraded by implementing a simplified 
oxygen transport module to reproduce the influence of oxygen recharge via convection 
and diffusion, as well as the oxygen release via vegetation to the biofilm attached to 
roots and rhizomes (McGechan, Moir, Castle, et al. 2005). The rate of diffusion was 
estimated using a diffusion coefficient D for oxygen in water (=1.76 × 10-4 m2 d-1 at 
20°C), whereas the oxygen transport through convection was estimated using the 





where U is the water speed [L T-1] and h is the water depth [L]. This attempt improved 
the accuracy of the model in simulating the aerobic processes such as nitrification due 
to the presence of additional oxygen availability.  
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2.4.2.5. Ouyang, Luo, and Cui (2011) 
Ouyang, Luo, and Cui (2011) developed a nitrogen transformation model for VFCWs 
that included the consideration of variably-saturated flow, substrate clogging, surface 
ponding, ET and plant uptake using STELLA. This model subdivided the VFCW into 
multiple horizontal homogeneous layers. The detail of the hydraulic modules used in 
this model is described in Ouyang et al. (2010), where Darcy’s law was used to 
describe the water flow with regards to the hydraulic head difference in the wetland 
bed. The flow rate under unsaturated conditions was determined by means of the 
volumetric water content within the individual layer. The substrate clogging was 
estimated with regards to the fraction of effluent volume and influent volume, which 






where l is the average rate of wastewater discharged [L3 T-1] and lo is the average rate 
of wastewater recharged [L3 T-1]. The parameters such as drainage rate, substrate 
clogging factor, and ET rate coefficient need to be calibrated from the extensive field 
data, subsequently restricting its application for design purposes. 
The nitrogen compounds considered in this model comprised particulate Org-N, 
dissolved Org-N and NH4
+-N and NO3
--N. The mechanisms included in the nitrogen 
cycle were the transport of particulate Org-N, NH3-N volatilization, nitrification, and 
denitrification. The leaching rate was estimated according to hydraulic flow rate and 
concentration of the constituents. The transformation and degradation processes such 
as volatilization, adsorption, mineralization, nitrification, and denitrification were 
implemented based on the first-order kinetics expression. In addition, the nitrogen 
uptake by vegetation was described in three compartments which are root, stem, and 
leaf. 
This nitrogen dynamic model has been calibrated with a VFCW planted with Cyperus 
alternifolius that operated with a feeding-resting period of 1:3 days. The simulated 
results revealed that increasing bed depth might improve the degradation of NH4
+-N 
and NO3
--N, and a reduction of NO3
- in the effluent was observed in the case of longer 
retention periods. Furthermore, this model indicated that denitrification is the main 
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removal mechanism of total nitrogen in VFCW, but the amounts of nitrogenous 
components were still very high in the effluent.  
2.4.2.6. Petitjean et al. (2012) 
Petitjean et al. (2012) developed a multi-component transport module using a biphasic 
theorem for VFCWs. A one-dimensional “transient spatial boundary condition” was 
adopted to describe the flow and oxygen transport by incorporating the mass balance 
equations with Darcy equations for both liquid and air phases  (Forquet et al. 2009). 
The flow under the unsaturated condition is described using basic soil properties such 
as porosity, density, and degree of saturation. This attempt showed a better 
performance in predicting the dynamic of oxygen restoration such as air convection. 
The transport module was numerically implemented using a local, discontinuous 
Galerkin method and the CWM1 (Langergraber, Rousseau, et al. 2009a) was used as 
the basis of the bio-kinetics module. The number of components was reduced to six, 
which were oxygen, dissolved readily degradable COD, particulate slowly degradable 
COD, NH4
+-N, heterotrophic biomass, and autotrophic biomass. Meanwhile, the 
hydrolysis, aerobic growth of heterotrophic bacteria, nitrification and lysis of bacteria 
were considered as the four main processes in the bio-kinetics.  
The proposed model was calibrated and verified with existing measured data in terms 
of oxygen transport. In summary, this study provided a simplified kinetics module to 
model the aerobic biodegradation in VFCWs. Besides, it had an excellent capability in 
demonstrating the dynamics of oxygen renewal and consumption, subsequently giving 
important insights into the correlation between aeration status and treatment efficiency. 
2.4.2.7. Bustillo-Lecompte et al. (2016) 
Bustillo-Lecompte et al. (2016) developed a two-dimensional numerical model 
integrated ADE and first-order decay kinetics to predict the treatment efficiency of 
BOD and TN in the VFCWs treating domestic wastewater. The hydraulic behaviour 
and solute transport in the wetland bed were computed using the software Variably-
Saturated 2D Flow and Transport (VS2DT), where the flow pattern and transport 
mechanism in the porous medium were simulated based on the Richards equation and 
ADE. The effect of ET and linear adsorption isotherm was included in the proposed 
model. The model was formulated using the finite difference approach.  
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As for the process simulation, the proposed model considered the removal of organic 
matter and nitrogen as lumped parameters, which were BOD5 and TN respectively. 
The mass balance of BOD5 and TN includes the initial solute within the bed, influent, 
effluent, and losses due to ET, degradation, and adsorption. The model was calibrated 
with regards to the effluent concentration of BOD5 and TN in a laboratory scale VFCW, 
where the substrate was composed of three different layers including a 0.12 m top 
organic soil layer, a 0.4 m main gravel layer and a 0.2 m drainage layer.   
The calibrated results showed a good match with the measured data with a coefficient 
of determination (R2) of 0.99 for both BOD5 and TN. The simulated results indicated 
that the removal of organic matter and nitrogen was not significantly affected by the 
vegetation. The overall performance was excellent, where the removal efficiency 
reached 88.33 and 91.95 % for BOD5 and TN, respectively. As for the validation, the 
residual analysis showed a more random pattern but was still acceptable in practice. 
The biochemical processes were the main mechanisms in removing nitrogen and were 
represented by the degradation in the mass balance. A further determination regarding 
the parameters in the experiment and a more comprehensive monitoring of flow rate 
and solute level were essential in improving the model.   
2.5. Review summary 
The literature has evidently shown that the VFCW has become a feasible alternative 
for septage treatment because of its outstanding capability in removing solids content 
and organic matter (Koottatep et al. 2004; Paing and Voisin 2005; Kengne et al. 2009; 
Troesch, A. Liénard, et al. 2009; Jong 2014). However, its overall treatment efficiency 
of nitrogen is less desirable. The removal of NO3
--N in most of the VFCW-based 
septage treatment system reviewed from the literature were insignificant compared to 
TS, organic matter and NH4
+-N (Lienard and Payrastre 1996; Koottatep et al. 2001; 
Troesch, Lienard, et al. 2009; Jong and Tang 2013). The literature have provided a list 
of design configurations and operating regimes for VFCW-based septage treatment 
system. Nevertheless, the design of such a system still remains at a “black-box” level, 
where the rules-of-thumb and overall removal efficiency were commonly used to 
determine the capacity and operational strategies of the wetland beds (Kumar and Zhao 
2011). As a result, a mathematical model is proposed to facilitate the fundamental 
understanding of nitrogen dynamics in the VFCW designed for septage treatment.  
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 2 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage            Literature Review 
   
46 
 
In the VFCW with intermittent loading, the hydraulic flow through the substrate is 
variably-saturated and is highly dynamic (Morvannou et al. 2013b). The nitrogen 
transformation in this treatment system is by means of biochemical and physical 
processes, which is a dynamics interacted by influent quality, microbial community, 
availability of oxygen and environmental factors (Vymazal and Kröpfelová 2009). 
Therefore, a first-order kinetics model, which predicts the concentration of particular 
contaminants based on the influent concentration, is insufficient to model the nitrogen 
dynamics within the VFCW due to the time-varying scenario during operation (Kadlec 
2000). A mechanistic model is proposed in this study to simulate the nitrogen 
dynamics in the VFCW-based septage treatment system. This approach delivers a 
comprehensive analysis towards the hydraulic behaviour and process kinetics in the 
wetland bed, which has been regarded as the state-of-art in the aspect of design and 
modelling of CW system.  
The accuracy of the hydraulic simulation is crucial in determining the retention time 
of influent within the wetland bed, eventually governing the prediction of process 
dynamics (Langergraber and Šimůnek 2005). Therefore, the models implemented with 
the steady-state flow module are incapable of providing a reliable simulation for the 
VFCW under intermittent loading. In addition, the models relying on the empirical 
approach such as McGechan, Moir, Sym, et al. (2005) and Ouyang, Luo, and Cui (2011) 
are impractical to describe the varying operational strategies and hydraulic properties 
in the system. For those models developed with the transient flow module, only 
HYDRUS-CW2D (Langergraber and Šimůnek 2005), FITOVERT (Giraldi, de 
Michieli Vitturi and Iannelli 2010), and Bustillo-Lecompte et al. (2016) provided a 
numerical approach to adapt to the boundary condition of ponding and included an 
analytical equation to estimate ET rate, while the others were dependent on the 
empirical method.  The substrate clogging in the VFCW treating septage is provoked 
due to the high solids load in the influent. To date, only FITOVERT (Giraldi, de 
Michieli Vitturi and Iannelli 2010) and model described in Ouyang, Luo, and Cui 
(2011) included a clogging module to account for the variation of hydraulic 
conductivity in the wetland bed, but the overall influence of sludge deposit layer was 
not clearly explained.  
In terms of the nitrogen dynamics, most of the models provided a basic nitrogen cycle 
including the components of Org-N, NH4
+-N and NO3
--N, while NO2
--N is always 
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--N or even neglected in some models due to its minor contribution to 
the overall nitrogen balance (Wynn and Liehr 2001; Mayo and Bigambo 2005; Ojeda 
et al. 2008; Langergraber, Rousseau, et al. 2009a; Giraldi, de Michieli Vitturi and 
Iannelli 2010; Ouyang, Luo and Cui 2011). The presence of oxygen is essential for 
aerobic nitrification, while the denitrification is prohibited by excessive oxygen 
content. Therefore, an oxygen transport module is required to deliver a reliable 
simulation, which was found in most existing mechanistic models.  
It should be noted that many models were developed to simultaneously simulate the 
transport and fate of organic matter and nitrogenous constituents (Langergraber and 
Šimůnek 2005; Langergraber, Rousseau, et al. 2009b; Petitjean et al. 2012; Bustillo-
Lecompte et al. 2016). From the perspective of nitrogen dynamics, the decomposition 
of organic matter consumed of NH4
+-N in the growth of the microorganism and 
denitrified NO3
--N under anoxic condition. Monod kinetic has been validated as the 
feasible approach to describe the bio-kinetics in both HFCWs and VFCWs 
(Langergraber and Šimůnek 2005; Toscano et al. 2009; Saeed and Sun 2011b, 2011a; 
Langergraber and Šimůnek 2012; Morvannou et al. 2014). This approach includes a 
term of limiting components such as oxygen content, concentration of microorganism, 
carbon supply, and nutrient source in the estimation of reaction rate, subsequently 
avoiding the treatment performance to be overestimated.  
In the CW systems, the main removal pathway of the nitrogen is the sequential 
ammonification-nitrification-denitrification process, which was included in all the 
reviewed models. The other mechanisms such as plant uptake, adsorption, sludge 
assimilation and ammonia volatilization were considered in particular model. The 
reaction kinetics module requires a platform to integrate the fate of organic matter, 
nitrogenous constituents, and microbial community. Therefore, Activated Sludge 
Model (ASM) (Henze et al. 2000) was generally applied. This stoichiometry concept 
has been widely used in the literature including Rousseau (2005), HYDRUS-CW2D 
(Langergraber and Šimůnek 2005), CWM1 (Langergraber, Rousseau, et al. 2009a) and 
FITOVERT (Giraldi, de Michieli Vitturi and Iannelli 2010). The concept of ASM is 
to incorporate the Monod-based bio-kinetic processes, which include the growth and 
decay of heterotrophs and autotrophs under either aerobic or anoxic condition, with 
the stoichiometric coefficient and kinetic parameters to predict the fate of particular 
components throughout the biological treatment.  
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Fifteen existing mechanistic models that include the simulation of nitrogen dynamics 
have been reviewed. The components and mechanisms included in these mechanistic 
models are summarized in Table 2.2 and the processes included in each model are 
listed in Table 2.3.  
According to the author’s best knowledge, five main gaps from the literature are 
summarized as follows:  
 A mechanistic approach to model septage treatment using a VFCW-based 
system is lacking in literature; 
 The understanding of the hydraulic behaviour and nitrogen dynamics in the 
first stage treatment of a pilot-scale, two-stage VFCW-based septage treatment 
still remained unclear; 
 A transient variably-saturated flow module, which describes the operational 
strategies of the proposed VFCW-based septage treatment system and includes 
the influence of ET and sludge accumulation, is lacking in literature; 
 A reaction kinetics module, which describes the nitrogen dynamics by 
incorporating ammonification, nitrification, adsorption and plant uptake in the 
VFCWs designed for septage treatment, is absent in the literature. 
 The influence of sludge deposit layer in the VFCW-based septage treatment 
system towards the overall performance is lacking in the literature.  
In order to facilitate the understanding of the influence of hydraulic behaviour upon 
nitrogen removal, the hydraulic and treatment performance in the first stage treatment 
of a pilot-scale, two-stage VFCW designed for septage treatment are observed and 
analysed. Then, the transport and fate of nitrogenous constituents throughout the 
wetland bed are simulated by a proposed mechanistic model, which is integrated into 
a transient flow and a stoichiometry reaction kinetics and is calibrated with the 
measured data obtained from the pilot plant.
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Table 2.2: Summary of reviewed models 
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Table 2.2: Summary of reviewed models (continue) 
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Table 2.3: Summary of nitrogen transformation mechanisms in the reviewed models 
 
Table 2.3: Summary of nitrogen transformation mechanisms in the reviewed models (continue) 
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Chapter 3 Research Methodology I - Laboratory 
Experimental Setup and Test 
 
A pilot-scale, two-stage VFCW-based septage treatment system has been constructed 
according to the design recommendation established in (Jong 2014). Figure 3.1 
illustrates the plan view of the pilot-scale VFCW-based septage treatment system. The 
raw-septage feed tank, first stage wetlands, percolate storage tank, and second stage 
wetlands were sheltered from the rain. The system is a sequential treatment combined 
with pre-screened, storage, primary treatment and secondary treatment. It should be 
noted that the experiment carried out and data collected from the pilot-scale VFCW-
based system is aimed at providing data to give an insight to the correlation between 
the hydraulic behaviour and nitrogen dynamics, as well as for the calibration of the 
proposed model, VF_Sep.  
 
 
Figure 3.1: Plan view of the pilot-scale, two-stage VFCW-based septage treatment 
system 
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3.1. Experimental rigs 
3.1.1. Pre-treatment and storage 
Two connected 400-gallon (1816 l) polyethylene tanks and a 100-gallon (454 l) 
polyethylene tank were used to store the raw septage collected from domestic sources, 
which is as shown in Figure 3.2 The raw septage was screened by a plastic flat mesh 
during unloading into the 400-gallon polyethylene tank. The screening was to remove 
the gross solids such as sticks, rags and other debris (Figure 3.3). Then, the screened 
raw septage was discharged into the 100-gallon polyethylene tanks and was screened 
again using a layer of welded wire mesh (Figure 3.4) to eliminate the residual debris, 
especially finer contaminants such as hair that potentially clogs the centrifugal pumps 
in the following treatment process.  
3.1.2. Raw septage distribution tank 
A 250-gallon (1100-liter) polyethylene tank was utilized as the distribution tank to 
homogenize the raw septage and measure the specific volume of raw septage loaded 
to the first stage wetland bed. A centrifugal pump (0.50 HP) was installed to transfer 
the raw septage from the 100-gallon storage tank to the distribution tank, as shown in 
Figure 3.5. Then, three centrifugal pumps connected to the ball valve and distribution 
system was used to load the raw septage to the wetland beds in the first stage (Figure 
3.6 and Figure 3.7).  
 
Figure 3.2:  400-gallon and 100-gallon 
storage tanks  
 
Figure 3.3: Primary screening 
process during unloading 
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Figure 3.4: Secondary screening process in 
the 100-gallon storage tank before the raw 
septage was discharged to the feed tank 
 
Figure 3.5: Centrifugal pump 
to transfer raw septage from 








Figure 3.7: Pipe connection between 
the distribution tank and the 
centrifugal pumps 
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3.1.3. First stage wetland bed 
The first-stage treatment encompassed three wetland beds, two beds (1A and 1B) were 
vegetated with common reeds (Phragmites karka) and the remaining one was 
unplanted (1C). Each wetland bed was accommodated in a 1 m3 square polyethylene 
water tank (surface area = 1.10 m2) and the substrate was a multi-layered granular bed 
built by crushed limestone. Crushed limestone is chosen as the material due to its 
cheaper cost and availability in the local area compared to other porous mediums (Jong 
2014). The substrate profile is demonstrated in Figure 3.8, which consists of (from 
bottom to top) a 0.20 m coarse gravel layer (∅ 50 – 60 mm) as drainage layer (Figure 
3.9), a 0.27 m layer medium size gravel layer (∅ 30 – 45 mm) (Figure 3.10) and a 0.27 
m layer small size gravel (∅ 9.75 – 12 mm) as main layer (Figure 3.11). All gravel 
materials were sieved and washed before filling the water tank to minimize the 
clogging risk caused by clay. The substrate was adequately compacted during 
construction. Eighteen common reeds plants were cultivated in polyethylene bags and 
were watered with diluted septage before being transplanted to the bed, as shown in 
Figure 3.12. There were nine common reeds plants planted in each bed.  
 
Figure 3.8: Cross-sectional view of first stage VFCW 
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Figure 3.9: ∅50 mm drainage layer 
 
Figure 3.10:  ∅37.5 mm main layer 
 
 
Figure 3.11: ∅10 mm main layer 
 
Figure 3.12: Transplantation of 
common reeds (Phragmites Karka) 
cultivated in a polyethylene bag 
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In each bed, two perforated PVC pipes with a diameter of 30 mm were installed along 
the substrate as a ventilation channel that allows the recharge of air into the substrate.  
The distribution device was powered by a centrifugal pump (0.50 HP). The distribution 
system was designed as six outlets that discharge the raw septage on the wetland bed. 
Figure 3.13 displayed the distribution device in operation. At the bottom of the tank, a 
built-in ball valve served as a discharge point, which was connected to two ball valves 
as shown in Figure 3.14, where one functioned to collect samples of effluent and the 
other functioned to transfer the excessive effluent to the percolate storage tank. 
In order to stimulate the growth of biomass in the substrate and to ensure the growth 
of macrophytes, the wetland bed was acclimatized for two months before preliminary 
tests took place. The wetland beds were initially ponded with diluted raw septage, 
which increased to undiluted raw septage towards the end of the acclimatization 
period. A layer of sludge deposit was formed by the trapped solid particles at the top 
surface during the acclimatization, which is as shown in Figure 3.15. 
Figure 3.17 show the wetland bed during and after acclimatization, respectively. The 
acclimatization period was ended when a significant reduction of contaminant 
concentration in the effluent was accomplished. The excessive sludge deposit on the 
surface was removed to prevent clogging in the following experiment. 
 
Figure 3.13: Distribution device 
during loading 
 
Figure 3.14: Drainage device at the 
bottom of the bed 
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Figure 3.15: Sludge deposit at the 
wetland surface 
 
Figure 3.16: Wetland bed during 
acclimatization  
 
Figure 3.17: Wetland bed after acclimatization 
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3.1.4. Percolate storage tank 
A 100-gallon rectangular polyethylene tank was installed at the downstream of the first 
stage wetland beds to collect the percolate (Figure 3.18). In fact, the percolate storage 
tank functioned as the raw septage feed tank, but it collected the percolate and 
transported it to the second stage wetland bed for further purification by means of 
centrifugal pumps. It should be noted that the second stage treatment is excluded in 
this study and thus its configuration, operation, and treatment performance are not 
discussed in the thesis.  
3.2. Operation 
The raw septage was collected from the households near the Curtin University 
Sarawak Campus using a septic truck provided by a local sewerage company. The raw 
septage underwent two stages of screening during the transferring to the distribution 
tank. In subchapter 2.3.2, the advantages of operation based on solid loading rate (SLR) 
were highlighted. Solids control has been claimed to be better in clogging prevention 
and influent quality regulation, but this operation regime requires the amount of total 
solids (TS) to be quantified in the influent before loading. The standard method to 
measure TS, which is the oven-drying method, requires a day to sample and obtain the 
results, subsequently increasing the workload in the operation. The other concern with 
 
Figure 3.18: Percolate storage tank 
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solids control is the varying solids content in the raw septage, where the low solids 
content results in high hydraulic load, and vice versa for raw septage with high solids 
content. The hydraulic load might exceed the system capacity, or be too low to produce 
effluent for the critical cases. In addition to this, one of the purposes of conducting the 
experiment is to obtain data for calibraiton of the proposed model, which was 
developed based on a flux-controlled boundary condition. As a result, the hydraulic-
based operation with hydraulic loading rate (HLR) was carried out for this study, 
instead of SLR.   
In order to investigate the impact of HLR on treatment performance, the wetland beds 
were operated with the HLR of 50 l, 75 l, 100 l, 125 l and 150 l for every loading. 
Before loading, the thickness of sludge deposit was measured using a ruler. The 
sediments were always observed in the bottom of the distribution tank due to the high 
solid content in the raw septage, and thus it was manually homogenized by stirring for 
at least five minutes. The volume of raw septage loaded to the bed was measured 
according to the water level in distribution tank, where 1 cm of water level in the 
distribution tank was equivalent to 15 l of septage. The loading rate can be controlled 
by the ball valve installed between the distribution tank and centrifugal pump. The raw 
septage was loaded at a constant rate throughout the loading.  
During loading, temporary ponding was observed due to the low permeable sludge 
deposit layer. The associated depth can be regarded as the hydraulic load in terms of 
the head (Figure 3.19). The ball valve at the bottom of the tank was opened 
permanently to allow the effluent to be freely drained. The details of sample collection 
and analysis are introduced in the following sections. After loading, the bed was rested 
for at least three days to ensure complete drainage and mineralization of organic matter, 
which is of great importance to the growth of microorganisms and clogging prevention. 
3.2.1. Assessment of hydraulic behaviour  
Before starting the experiment, the sludge thickness was measured using a ruler. After 
a significant effluent flow has formed (> 20 mL in five minutes), the volume of effluent 
was measured using a 1000 ml measuring tube (minimum scale = 5 ml) and recorded 
continuously. The measurement was conducted frequently at the beginning of flow 
occurrence (five to ten minutes once), and the time interval increased to thirty minutes 
or one hour due to the slower effluent flow. It should be noted that the duration of 
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Figure 3.19: Formation of ponding during the loading process 
the hydraulic assessment was limited to be 10 hours due to the technical and safety 
reasons.  
The conversion of HLR to per-unit area (cm d-1) is required and the calculation is as 
follows: 
𝐻𝑒𝑎𝑑 − 𝑏𝑎𝑠𝑒𝑑 𝐻𝐿𝑅 =
𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 (𝑐𝑚3𝑑−1)
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑐𝑚2)
 (3.1) 
The effluent flow rate is calculated similarly but the time unit is changed to minute: 
𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑓𝑙𝑢𝑥 =
𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3)
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑐𝑚2)  ×  𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (min)
  
(3.2) 
The analysis of the hydraulic behaviour includes the assessment of peak flow rate and 
water recovery. The water recovery is the volumetric ratio between collected effluent 
(l) and the loading (l), which is expressed as: 
𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 % =
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 (𝑙)
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 (𝑙)
  × 100% (3.3) 
3.2.2. Assessment of raw septage and effluent quality 
The water quality parameters of the raw septage and its effluent are monitored. The 
raw septage sample was taken at the downstream of the distribution device and the 
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effluent was sampled simultaneously with the assessment of hydraulic performance. 
Nevertheless, when a long time interval (30 minutes to 1 hour) was used, the sampling 
of effluent for water quality test was conducted individually to obtain a more accurate 
effluent quality. The samples were collected in a 300 ml disposable BOD bottle with 
a plastic cap, as shown in Figure 3.20. 
The concentration of dissolved oxygen (DO), ammonium nitrogen (NH4
+-N) and 
nitrate nitrogen (NO3
--N) and the physical properties including pH and temperature 
were identified instantaneously at the site using the HACH® HQ40d portable multi-
parameter meter with specific probes (Figure 3.21), which is listed in Table 3.1. The 
samples were stored in a low-temperature refrigerated incubator in the temperature of 
4˚C and were analysed for TS, COD, and TN for maximally twenty four hours.    
The concentration of TS is determined according to the gravimetric method (Method 
8163 2012) standardized by United States Environmental Protection Agency (USEPA) 
with a drying oven and an analytical balance. The measurement of COD and TN 
concentration were conducted using the USEPA Reactor Digestion Method (Method 
8000) and Persulfate Digestion Method (Method 10072, Test’N Tube ™ Vials), 
respectively, with a HACH DR2800 spectrophotometer (Figure 3.22).  
The typical analysis of the removal efficiency for a particular contaminant is 
performed by comparing the volume and concentration of the influent to the volume 




 × 100% (3.4) 
 
Figure 3.20: Sample collection on 1st December 2015 (Case 3A) 
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Table 3.1: The probe used to measure the specific water quality parameter 
Parameter Probe 
Dissolved Oxygen 
IntelliCAL™ LDO101 Standard 
Luminescent/ Optical Dissolved 
Oxygen (LDO) probe 
Ammonium 
IntelliCAL™ ISENH4181 Ammonium 
Ion Selective Electrode (ISE) 
Nitrate 
IntelliCAL™ ISENO3181 Nitrate Ion 
Selective Electrode (ISE) 
pH 
IntelliCAL™ PHC101 Standard Gel 
Filled pH Electrode 
 
 
Figure 3.21: HACH® HQ40d portable multi-parameter meter with specific 
probes  
 
Figure 3.22: HACH DR2800 spectrophotometer and the Test’N Tube ™ vials 
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where Ci and Ce are the concentration of influent and effluent [M L
-3], respectively. 
The Vi and Ve denote the volume of influent and effluent [L
3], respectively. However, 
this analysis is only practical when all effluent is collected and mixed properly in an 
undisturbed tank to obtain the volume and concentration. This is not possible for this 
study since it is difficult to completely empty the percolate storage tank in every 
operation. Therefore, a modified equation to accommodate the temporal volume and 
concentration of the effluent was used, which is expressed as:  
𝐸 =




 × 100% (3.5) 
This approach provided a precise estimation for the total mass recovery of the 
contaminants in the effluent. However, the modified equation might lead to 
overestimated efficiency when the influent does not completely infiltrate into the 
wetland bed. Therefore, a conservative approach is conducted to avoid such 











 × 100% (3.6) 
This equation is applied to evaluate the removal efficiency of TS, TCOD, TN, and 
NH4
+-N. The concentration of DO and NO3
--N usually increased in the effluent, and 
hence these parameters are not involved in the analysis of treatment efficiency.   
3.2.3. Tracer testing 
In order to investigate the solute transport capability of the first-stage wetland beds, 
12 sets of quantitative tracer studies was conducted simultaneously with the hydraulic 
assessment by feeding the wetland bed with raw septage that had been mixed with the 
diluted tracer to monitor the solute movement over a specified time frame. The tracer 
test aims to reproduce the mean travel duration of solute transport through a 
concentration-time plot.  
Bromide (Br-) is recognized as a reliable tracer due to its positive characteristics such 
as its ease of use, its high solubility, its non-biodegradable and non-toxic nature and 
its absence in septage and soil system (Levy and Chambers 1987). The procedure to 
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conduct the tracer tests in this study is modified from the standard field monitoring 
(Meiri 1989) and similar experiments carried out in VFCWs (Giraldi et al. 2009; 
Panuvatvanich, Koottatep and Koné 2009).  
Before the experiment, the raw septage was sampled and tested for the background 
concentration of Br- using Hach® MM340 radiometer with a bromide ion selective 
electrode as shown in Figure 3.23.  As the pilot-scale VFCW is loaded in batches, the 
bromide tracer in the form of potassium bromide (KBr), was premixed with the raw 
septage at a specific volume. The influent concentration was designed to be 0.001 mole 





where V1 is the volume of tracer required (L), M2 is the designed concentration (=0.001 
mole l-1), V2 is the volume of influent (L) and M1 is the concentration of tracer (=1 
mole l-1).  
As this test was carried out simultaneously with the hydraulic assessment, the sampling 
schedule was as same as described in the previous section. The mass recovery of the 
tracer was analysed to evaluate the conservation of solute transport in the wetland bed, 
where the equation used is same as equation 3.6.  
 
Figure 3.23: Hach® MM340 radiometer with a bromide ion selective electrode
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Chapter 4 Research Methodology II - Model Development 
 
The proposed model aims to simulate the transport and fate of nitrogenous constituents 
in one-dimension within a heterogeneous substrate profile. Neither water movement 
nor contaminant transport in the horizontal direction was considered in the model. A 
set of essential features is summarized as follows: 
 A simple approach should be adopted since a highly complex model has been 
found to be inefficient due to the challenge in obtaining the required parameters 
(Marsili-Libelli and Checchi 2005); 
 A variably-saturated flow module is essential to describe the hydraulic behaviour 
of VFCW with intermittent feeding mode (Langergraber and Šimůnek 2005; Maier 
et al. 2009; Giraldi, de Michieli Vitturi and Iannelli 2010; Morvannou et al. 2013b);  
 The model should incorporate various boundary conditions including loading, 
surface ponding, and free drainage, 
 The accumulation of sludge deposit on the surface of wetland bed and the 
associated impact on the hydraulic behaviour should be considered;  
 The influence of evapotranspiration (ET) should be included in the water balance;  
 The transport of both dissolved and particulate constituents in liquid and solid 
phases should be taken into account; 
 The filtration of particulate constituents should be included; 
 The bio-kinetics module is required to incorporate a set of biochemical degradation 
processes and biomass growth. 
Figure 4.1 presents the flow chart for the model development in this study. The 
conceptual model was inspired by the observation in the preliminary test, and the 
governing equations were obtained from the literature.  The proposed model, which is 
named as VF_Sep, was numerically implemented in the simulation software 
MATLAB®. VF_Sep was then calibrated by matching the simulated data to the 
measured data of a pilot-scale VFCW-based septage treatment system. The unit of the 
variable is self-defined in VF_Sep, and thus the dimensional unit is used instead of SI 
unit to explain the model development. 
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Figure 4.1: Flow chart of model development 
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4.1. Hydraulic module 
The hydraulic module is fundamental to the simulation of the transport and fate for 
nitrogenous constituents through the wetland bed. Due to the intermittent loading 
regime and the heterogeneous hydraulic properties within a multi-layer substrate, the 
wetland bed is partially saturated and results in a continuously varying saturation level 
(Giraldi et al. 2009). Therefore, a transient variably-saturated flow model was 
developed to describe the infiltration flow in the VFCW with regards to the hydraulic 
properties of substrate materials, which include grain size, pore size distribution.  
4.1.1. Governing equations 
4.1.1.1. Richards equations 
According to the literature review, Richards equation (Richards 1931) is widely used 
to describe the variably-saturated flow in the VFCW (Langergraber 2008). It is a 
partial differential equation that comprises the effect of gravity and water pressure to 
relate the variation of volumetric water content within a partially saturated porous 
medium. The mixed-form Richards equation, where the equation is expressed in water 












 – 𝑆 (4.1) 
where θ denotes the volumetric water content [L3 L-3], h denotes the hydraulic head 
[L], t denotes the time [T], z denotes the vertical coordinate (assumed positive upwards) 
[L], K denotes the unsaturated hydraulic conductivity [L T-1], and S denotes the 
source/sink  term. The source/ sink term is used to represent the additional water due 
to precipitation or water loss via ET.  
This approach postulates that the effect of the gas phase is insignificant compared to 
the water phase in the liquid flow process, thereby the air content within the porous 
medium is easily displaced by water with negligible resistance due to its high mobility 
and low viscosity (1% of the viscosity of water) (Bear and Braester 1972). Furthermore, 
the volumetric variation caused by the fluid compressibility is presumed to be 
negligible in the Richards equation and the density of influent is assumed to be 
constant along the simulation (Nielsen, Th. Van Genuchten and Biggar 1986). This 
equation computes the water movement in a porous medium based on the hydraulic 
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head difference between two observed points and the associated hydraulic conductivity. 
The hydraulic conductivity under the unsaturated condition is a function of pressure 
head and water content. In this study, an analytical van Genuchten-Mualem model 
(Mualem 1976; van Genuchten 1980) was applied to estimate the hydraulic 
conductivity. 
The Richards equation has been widely used in modelling the hydraulic performance 
of VFCW (Langergraber and Šimůnek 2005; Wanko et al. 2006; Giraldi, de Michieli 
Vitturi and Iannelli 2010). Nevertheless, the behaviour of nonlinearity in the equation 
limits the application of the analytical solution to specific presumed conditions. As a 
result, a numerical approach using finite difference or finite element method is always 
recommended to solve the Richards equation.  
4.1.1.2. van Genuchten-Mualem (VGM) model 
In VF_Sep, the unsaturated hydraulic conductivity was determined using the van 
Genuchten-Mualem (VGM) model (Mualem 1976; van Genuchten 1980), which is the 
most common approaches to describe the hydraulic properties in the VFCW 
(Langergraber and Šimůnek 2005; Giraldi et al. 2009; Toscano et al. 2009). 
Fundamentally, the VGM model includes two equations, where the first equation is to 
estimate the water content based on the given variables including pressure head, VGM 
parameters, and saturated and residual water content. This equation is expressed as: 




Then, the second equation is to determine the unsaturated hydraulic conductivity from 
the VGM parameters, saturated hydraulic conductivity, and the water content obtained 
in the first equation. This equation is expressed as: 
















where θr is the residual water content [L
3 L-3], θs is the saturated water content [L
3 L-
3], α [L-1], n [-], and m (=1-1/n) [-] are the empirical VGM shape parameters of the 
SWCC, Ks is the saturated hydraulic conductivity [L T
-1], and l is Mualem’s pore 
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connectivity parameter (= 0.50) [-]. The reliability of the numerical flow simulation 
highly has been found to rely upon the precision of the VGM parameters, which is 
normally calibrated from the measured data.  
4.1.1.3. Dual-porosity model  
Typically, the Richards equation describes the variably-saturated flow in a uniform 
flow pattern, so-called equilibrium flow (Simunek, Van Genuchten and Sejna 2005). 
Nevertheless, the granular substrate used in the VFCW consists of disordered pore 
spaces due to the accumulated sludge deposit, vegetation and trapped organic matter, 
consequently leading to an inconsistency with the actual flow pattern. Giraldi et al. 
(2009) highlighted that the dead zones in the substrate contributed a significant amount 
of stagnant water, subsequently disturbing the consequent flow. Moreover, 
Morvannou et al. (2013b) indicated that the water flow might preferentially  the macro-
pores and partial water might be retained in the stagnant regions caused by the 
irregularity of pore size and trapped organic matter in the substrate. On the other hand, 
the cracks in the sludge deposit layer and the presence of vegetation potentially creates 
a predominant pathway for the influent (Molle 2014). This phenomenon is known as 
preferential flow, where the concept is to split the pore spaces into two or more 
domains, thereby the pressure head is under a non-equilibrium condition. Currently, 
the existing preferential flow models included a variety of concepts such as single 
porosity, dual-porosity and dual permeability (Šimůnek and van Genuchten 2008).  
The dual-porosity model (Šimůnek and van Genuchten 2008) has been verified as an 
adequate hydraulic model for the VFCW. This concept separates the pore spaces to 
mobile and immobile regions and a mass transfer interrelates between two regions 
(Gerke and Genuchten 1993). The water flow only takes place in the mobile regions 
while the water content in immobile regions is stagnant. As a result, the total water 
content, θ [L3 L-3] is the combination of mobile water content, θMobile [L3 L-3] and 
immobile water content, θImmobile [L3 L-3], which is expressed as: 
𝜃 =  𝜃𝑀𝑜𝑏𝑖𝑙𝑒 + 𝜃𝑀𝑜𝑏𝑖𝑙𝑒   (4.4) 
The flow in the mobile region was solved based on the Richards equation. A transfer 
rate of water exchange between mobile and immobile region was added to the equation. 
Therefore the equation is given as (Šimůnek et al. 2003): 
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 – 𝑆𝑀𝑜𝑏𝑖𝑙𝑒 − 𝛤𝑤 (4.5) 
where Γw [T
-1] is the water transfer rate. Then, the stagnant water in the immobile 
region is described using a mass balance equation as:  
𝜕𝜃𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒
𝜕𝑡
= – 𝑆𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒 + 𝛤𝑤 (4.6) 
The mass transfer is generally obtained based on the difference of effective saturation 
or pressure head gradient between the mobile and immobile regions (Šimůnek et al. 
2003). In this study, the difference of effective saturation was used to estimate the 
transfer rate due to its simplicity. The additional hydraulic parameters required in the 
approximation of the mass transfer rate are residual water content θr,Immobile  [L3 L-3] 
and saturated water content θs,Immobile [L3 L-3] of the immobile region, and a first-order 
mass transfer coefficient 𝜔 [T-1]. The equation is demonstrated as: 
𝛤𝑤 =  𝜔 (𝑆𝑒𝑀𝑜𝑏𝑖𝑙𝑒 − 𝑆𝑒𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒) (4.7) 
where the  SeMobile [-] and SeImmobile [-] is the effective saturation in the mobile and 
immobile region, respectively. This equation assumed that the mass transfer rate is 
proportional to the difference between effective water content. The effective saturation 
was obtained from the water content, residual water content and saturated water 




  (4.8) 
When the Γw is positive, the water tends to transfer from mobile region to immobile, 
while if Γw is negative, the water transfer in an opposite direction.  
4.1.1.4. Evapotranspiration 
In VF_Sep, the potential evapotranspiration (PET) was estimated using the FAO-56 
Penman-Monteith combination equation (Zotarelli et al. 2010). It is an approach that 
combines both radiation and aerodynamics to predict the overall water loss to the 
atmosphere. It should be noted that the ET0 is only practical under the standard 
condition, where the study site should have a significant coverage of well-grown 
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vegetation with sufficient water supply, as well as a desirable soil water condition. It 
was assumed that the system configuration and operating regime satisfied the standard 
condition. The Penman-Monteith equation is as follows:  




∆(𝑅𝑛 − 𝐺) + 𝜌𝑎𝐶𝑝
(𝑒𝑠 − 𝑒𝑎)
𝑟𝑎





where ETo is the PET rate [L T
-1], ETrad is the radiation term [L T
-1], ETaero is the 
aerodynamic term [L T-1]. In the combined equation, λ denotes the latent heat of 
vaporization [L2 T-2] , Rn denotes the net radiation at surface [M T
-3], G denotes the 
soil heat flux [M T-3] , ρa is the atmospheric density [M L
-3], Cp denotes the specific 
heat of moist air [L2 T-2 Q-1], es is the saturation vapor pressure at temperature [M L
-1 
T-2] , ea is the actual vapor pressure [M L
-1 T-2], rc is the crop canopy resistance [T 
L-1] , ra is the aerodynamic resistance [T L
-1], γ is the psychrometric constant [M L-1 
T-2 Q-1] and ∆ is the slope of the vapor pressure curve  [M L-1 T-2 Q-1].  The detailed 
calculation of PET using Penman-Monteith equation is presented in Appendix A.  
The estimation of PET provides a simple attempt to give an insight into the overall 
water loss from the surface evaporation and plant transpiration. However, the ET not 
only occurs at the wetland surface, while the water extraction can reach a certain depth 
from the surface due to the root distribution of macrophytes. Therefore, the 
implementation of PET in the numerical model could be problematic and an approach 
of separation in terms of evaporation and transpiration is necessary. A Beer-Lambert 
law, which separates PET into potential evaporation and potential transpiration using 
the leaf area index (LAI), was employed in the proposed model (Varado, Braud and 
Ross 2006): 
𝑇0 = 𝐸𝑇𝑜 [1 − exp(−𝑎𝑏1𝐿𝐴𝐼)] (4.10) 
𝐸0 = 𝐸𝑇𝑜 [exp(−𝑎𝑏1𝐿𝐴𝐼)] (4.11) 
where the T0 and E0 are the potential transpiration rate and potential evaporation rate, 
respectively [L T-1]. LAI denotes the leaf area index [-], which quantify the plant 
canopies from the fraction of leaf area to the unit surface area. The ab1 is an empirical 
coefficient [-], where a classical value of 0.50 was used.   
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In terms of the numerical implementation, the sink term of evaporation was allocated 
at the top surface and the water balance can be analysed directly from the water content. 
On the other hand, the water loss by the transpiration is a function of root distribution 
along the surface profile. The root water uptake is estimated by means of the equation 
developed by Li, Boisvert, and Jong (1999) and Lai and Katul (2000), where the 
equation was formulated by taking the root-density distribution, water stress 
distribution and water compensation into account (Varado, Braud and Ross 2006): 
𝑆𝑇(𝑧, 𝑡) = 𝛼1(𝜃, 𝑧)𝛼2(𝜃, 𝑧)𝑔(𝑧)𝑇0 (4.12) 
where ST(z,t) is the sink term of actual transpiration [L T-1], z is the depth from the top 
surface [L] and t is the time [T]. The term g(z) [-] denotes a non-linear function of root 
density distribution [M L-3] (Li, Boisvert and Jong 1999): 
𝑔(𝑧) = 𝑔0
(𝑒−𝑏𝑧)[1.5 + 0.5 𝑒−𝑏𝑧]
1 + 𝑒−𝑏𝑧
 (4.13) 
where g0 is the root density at z=0 [M L
-3] and b is a diminishing coefficient of the 
root distribution [L-1]. The coefficient b is derived from an analytical approach 






where zR is the maximum root depth [L] (as shown in Figure 4.2) and F10 is the fraction 
of root length density in the top 10 % of root depth [-].  
The coefficient of water stress distribution was derived using the theory established by 
Lai and Katul (2000), where the stress was estimated based on the difference between 
potential water content and wilting point (θwilt) : 







where γ is a functional parameter [-].  
The compensation term describes the mechanism of water extraction in deeper layers 
when the upper layer becomes too dry. This term was estimated by determining the  
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Figure 4.2: Maximum depth of the root distribution 
maximum between local ratio and the water storage up to maximum root depth, which 
is expressed as:  











4.1.1.5. Formation of the sludge deposit layer 
The removal of the solid particles in the VFCW-based septage treatment system 
mainly depends on the surface filtration (Tan et al. 2015). The accumulated solids from 
the filtration form a layer of particle aggregation and destabilized flocs on the surface 
of wetland bed, which is commonly known as the sludge deposit layer (Molle 2014). 
In general, the modelling of instantaneous sludge formation is based on the 
accumulation rate of the sludge cake, which typically depends on the properties of the 
suspended particles and the grain size of the top surface layer. In order to improve the 
accuracy, the additional parameters such as the applied pressure, the porosity, and 
compressibility of the sludge cake are required, which increases the difficulty in the 
simulation (Abboud 1993). 
The literature has shown that the formation of this low permeable layer significantly 
reduces the hydraulic efficiency of the wetland bed and eventually leads to the 
clogging phenomenon (Hua et al. 2010). The traditional approach analyses the 
formation of the sludge cake into the initial and transient stage. The initial stage 
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hypothesises the porous medium as a “clean filter”, where the filter rate is estimated 
from the hydraulic properties of the wetland bed. After a certain amount of suspended 
particles has accumulated on the wetland surface, the remaining filtration shows a 
dependency on the permeability of accumulated sludge cake, which is known as the 
transient stage of solid filtration.  
After acclimatization, a certain thickness of sludge deposit layer was observed in the 
pilot-scale VFCW. This layer served as an efficient filter septum in removing the solids 
and a flow regulator that prolongs the retention time of the influent in the wetland bed, 
subsequently improving the treatment performance. In the simulation, a sludge deposit 
layer was modelled as an inherent layer in the initial substrate profile and thus the 
filtration is described as the transient stage, which is as shown in Figure 4.3. 
Abboud and Corapcioglu (1993) proposed a numerical model for cake filtration to 
determine the thickness of the solid accumulation using an instantaneous mass balance 
between the TS concentration in the influent and effluent. This macroscopic analysis 
was used and simplified to estimate the continuous increment of the sludge deposit 
layer in VF_Sep, which assumed that the permeability of the new-forming solid 
accumulation was same as the existing sludge layer. Then, a flow resistance was 
imposed based on the increment of the sludge thickness, subsequently, the consequent 
flow delay was calculated.   
 
Figure 4.3: Accumulation of sludge deposit 
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The increment of the sludge deposit thickness was obtained from the amount of solid 
particles entering the wetland bed with an empirical retention coefficient, which is an 








− 𝐾𝑦𝜌𝑠(1 − ?̅?)𝐿 (4.17) 
where L is the thickness of new-forming sludge deposit layer, ρs is the density of solids 
particles [M L-3], ?̅? is the dimensionless average porosity of sludge deposit layer [-], σ 
is the retention parameter [-], qp is the input flux rate [L T
-1], Ky is the erosion rate [T
-
1] and ns is the porosity of influent [-]. The ns can be estimated from the density of 
water (ρw) and solid particles (ρs) [M L
-3] and the associated dimensionless mass 










This approach assumed that the porosity of the accumulated sludge deposit remains 
constant during the loading period due to the incompressible property. The delay of 
flow to the wetland bed was then estimated using Darcy’s law to determine the flow 
rate through the new-forming sludge layer. It was presumed that the accumulation of 
new-forming sludge deposit occurs under saturated condition. The effect of 
sedimentation was neglected at this stage.  
4.1.2. Numerical implementation 
The numerical method solves the differential equation by “subdividing the time and 
spatial coordinates into smaller pieces and reformulating the continuous form of 
governing partial differential equations in terms of a system of algebraic equations” 
(Šimůnek 2005), which is known as space-time discretization. In this study, the one-
dimensional variably-saturated hydraulic model was developed using the finite 
difference method, which has been verified as a feasible approach compared to the 
finite element scheme in numerically solving the Richards equation in a mono 
direction (Nielsen, Th. Van Genuchten and Biggar 1986). In this context, the substrate 
profile was subdivided into numerous layers with equal thickness (∆z) and the nodes 
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were allocated at the layer interface. The nodes were arranged in order from the top 
surface (i=1) to the drainage layer (i=N), so-called positive downwards, and N-1 
elemental layers are created.  
To simulate the heterogeneous substrate profile in the VFCW, each node can be 
characterized by different soil hydraulic properties, and thus the interface between two 
different types of the porous medium was allocated at the middle of the layer, which 
is as demonstrated in Figure 4.4. A fully implicit Euler backward method was used to 
discretize the time step (∆t) (de Vasconcellos and Amorim 2001) in the equation 4.5 














































 − 𝑆 − 𝛤𝑤   
(4.19) 
where subscripts i denotes the spatial discretization from the top surface layer, j 











 are the inter-block hydraulic conductivity between two spatial level. A simple 
arithmetic mean was used and the inter-block hydraulic conductivity is expressed as: 
 
Figure 4.4: Heterogenous interface allocated between two nodes 
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A mass conservative numerical method that solves the Richards equation using 
modified Picard iteration approach (Celia, Bouloutas and Zarba 1990) was used in this 
study. This method approximates the 𝜃𝑖
𝑗+1,𝑘+1
 by expanding it in a truncated Taylor 














 is known as the soil water capacity 𝐶𝑖
𝑗+1,𝑘
 [L-1]. The 𝐶𝑖
𝑗+1,𝑘
 is obtained 









































































 − 𝑆𝑖 − 𝛤𝑤𝑖 
(4.23) 
In order to simplify the iterative computation, δi 
k+1 was used to represent the 
dependent variables that denotes the “increment of the variables h for passing from the 
iteration level k to the iteration level k+1” at every time step (de Vasconcellos and 
Amorim 2001): 
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  − 𝑆𝑖  
− 𝛤𝑤𝑖                    
(4.25) 
The water exchange between the mobile and immobile region was derived from the 
mobile and immobile water content of previous temporal level using equation 4.7: 











This equation was input to the MATLAB ® as a tri-diagonal nonlinear matrix for each 
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j (i = 1, 2, 3… N-1, N; where N represents the total 
number of nodes) are nonlinear functions and expressed as (de Vasconcellos and 





























































































The iterative process is stopped while the difference pressure head computed between 
two iterative levels at each spatial node for a specific temporal step is smaller than the 
prescribed tolerance (δa): 
𝛿𝑖
𝑗+1,𝑘
= |ℎ𝑗+1,𝑘+1 − ℎ𝑗+1,𝑘| ≤ 𝛿𝑎 (4.32) 
In VF_Sep, two values were introduced as the tolerance, which is represented as 
maximum tolerance (max. δa) and minimum tolerance (min. δa). In the iteration 
process, a small value of acceptable tolerance typically improves the precision of 
simulation but it also burden on the computational efficiency since the convergence 
might not be achieved. On the other hand, a wider tolerance has been found to be 
instable in the prediction of flow. To overcome this potential drawback, VF_Sep took 
the minimum tolerance as the primary tolerance in the iteration. When the convergence 
cannot be reached within a limited number of iteration, then the subsequent 
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computation will compare the residual of the solution to the maximum tolerance. This 
approach effectively reduces the risk of poor simulation and divergence in the model.    
The numerical expression of immobile water content mass balance equation is derived 
as:  
𝜃𝑖.𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒
𝑗+1 = ∆𝑡(−𝑆𝑖,𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒 + 𝛤𝑤𝑖) +  𝜃𝑖,𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒
𝑗
 (4.33) 
The water exchange between mobile and immobile region is estimated as follows.  
𝛤𝑤𝑖









4.1.3. Initial and boundary condition 
The steady-state initial condition can be input using either initial distribution of 
pressure potential or water content in the substrate.  
ℎ(𝑧, 𝑡) = ℎ𝑖(𝑧)     𝑡 = 𝑡0 (4.35) 
𝜃(𝑧, 𝑡) = 𝜃𝑖(𝑧)     𝑡 = 𝑡0 (4.36) 
where hi [L] is prescribed pressure head at elevation z and initial time t0.  
Due to the intermittent loading mode and the occurrence of temporary surface ponding, 
the upper boundary condition is capable of switching between the prescribed head-
controlled (Dirichlet type) and flux-controlled (Neumann type) boundary condition. 
The increasing thickness of new-forming sludge deposit was considered in the upper 
boundary by summing it into the spatial discretization at the top layer (∆𝑧1 = ∆𝑧𝑡𝑜𝑝), 
as shown in Figure 4.5. 
In order to find the thickness of new-forming sludge deposit layer, the equation 4.17 
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Figure 4.5: Variation of ∆ztop in the simulation due to the sludge accumulation 
where superscript j denotes the temporal level, LS is the thickness of sludge deposit 
and the q1 is the surface infiltration [L
3 L-2 T-1]. The initial thickness was set to be zero. 
Accordingly, the thickness of the spatial discretization of the top surface layer is: 
∆𝑧𝑡𝑜𝑝 = ∆𝑧 + 𝐿𝑆
𝑗
 (4.38) 
It should be highlighted that the HLR [L3 T-1] applied to the wetland bed is an 
extremely important parameter in the modelling of hydraulic flow processes of VFCW. 
The HLR was converted to a prescribed unit surface flux, qsur [L
3 L-2 T-1] and was 
applied to the top nodal mass balance equation (Figure 4.6). As a result, the coefficients 
 
Figure 4.6: Boundary conditions of hydraulic module 
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of the top node were rearranged with regards to the Neumann type boundary condition 














































































In this study, it should be highlighted that the loading was not constant along the 
operation. Therefore, the loading flux is separated into two cases: 
{
𝑞𝑠𝑢𝑟 = 𝑞0, 𝑡0 ≤ 𝑡 ≤ 𝑡𝑞




where q0 is the prescribed surface flux, t0 is the initial time, tq is the end of loading 
period and tsp is the total simulation time. 
Due to the continuity in the numerical solution, the coefficient of the second node from 
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The wetland bed has a specific infiltration capacity to receive loading. While the HLR 
exceeds the infiltration capacity, the top surface layer of wetland bed is completely 
saturated (h1=0, θ1= θs, K1=KS). Consequently, the extra amount of influent 
accumulates at the top surface layer and eventually forms a temporary pond. In the 
case of ponding, the top boundary condition is automatically changed from being flux-
controlled to head-controlled, where a prescribed pressure head h1(t) is equal to the 
depth of the ponded water (Figure 4.6(b)). Therefore, the upper boundary condition 
becomes a function of time relating to surface flux qsur and infiltration flux q1:  
{
ℎ1 = ℎ𝑝𝑜𝑛𝑑 + 𝑞𝑠𝑢𝑟  −  𝑞1 − 𝐿𝐷
𝑗
, 𝑡0 ≤ 𝑡 ≤ 𝑡𝑞
ℎ1 = ℎ𝑝𝑜𝑛𝑑  − 𝑞1 − 𝐿𝐷
𝑗




where the hpond is the h1 at previous time step (j-1) [L]. The head-controlled boundary 
condition will switch back to being flux-controlled at the instance when the h1 returns 
to zero due to infiltration. The infiltration flux q1 is calculated as follows.   
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As for the lower boundary condition, both free drainage and seepage face were 
simulated. The free drainage is also known as a zero-gradient flux boundary condition, 
which is expressed as: 
𝑑ℎ
𝑑𝑧
= 0 𝑎𝑡 𝑧 = 𝑍 (4.52) 
























4.1.4. Nodal fluxes 



































































































On the other hand, the cumulative infiltration and discharge flux were computed by 
means of trapezoidal numerical integration. Due to the limitation of inherent memory 
in MATLAB, the integration was only capable of estimating the cumulative flux with 
a time step of 1 minute. 
4.1.5. Mass balance conservation 
The ability of the model to conserve global mass over the domain, which is defined as 
the mass balance conservation, was evaluated. Although such evaluation is crucial to 
determine the efficiency of the model, it is incapable of indicating the accuracy of 
VF_Sep. In this study, the mass balance was computed based on the “total additional 
mass in the domain” and the “total net flux into the domain”. The additional mass was 
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calculated with respect to the difference between the initial volume of water content 
in the sample and the total volume at a specific time. Then, the net flux was estimated 
according to the flux applied on the top layer of the porous medium and the cumulative 
flux collected from the bottom layer. The equation of mass balance (MB) measurement 





























where subscript 0 is the initial time step,  j+1 is the final time step and N is the bottom 
node. 
4.2. Transport module 
In the pilot-scale VFCW-based septage treatment system, most of the treatment 
processes occur in the substrate. Therefore, a reactive transport module developed 
based on the advection-dispersion equation (ADE) is essential in reproducing the 
transformation and degradation of contaminants throughout the wetland bed. The ADE 
is a common approach to model the transport of solute within a porous medium, where 
the advection describes the solute displacement caused by the fluid flow and the 
dispersion represents the divergence due to the effect of molecular diffusion and 
mechanical dispersion (Fetter and Fetter Jr 1999). This approach has been widely used 
to investigate the mass transport of contaminants from the surface infiltration to the 
vadose zone or water table caused by the application of fertilizer, pesticide, waste 
disposal and accidental oil spills (Kresic 2006). The simulated results from the 
hydraulic simulation including the volumetric water content (θ) and water flux (q) are 
required in the transport module. Nevertheless, the modelling of biodegradation 
demands a bio-kinetics sub-module to estimate a source/ sink term in the dynamics of 
particular contaminants. In this section, the governing equations, numerical 
implementation, and limitation of the transport module were introduced. 
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4.2.1. Governing equations 
4.2.1.1. Advection-dispersion equation (ADE)  
The solute moving with the flowing water is known as advection. In one-dimensional 
model, the quantity of water flow used to describe the advection is equal to the average 
linear flux rate (Fetter and Fetter Jr 1999). Nevertheless, the water flow within the 
porous medium more or less diverges from the average velocity, which potentially 
alternates the mixing in the porous medium. This phenomenon is known as the 
hydraulic dispersion, which is generally described as a combined effect of mechanical 
dispersion and molecular diffusion in the simulation (Kresic 2006). 
The mechanical dispersion is a spreading process caused by the variability of flux rate 
in the porous medium. This can be explained macroscopically by three phenomena: (a) 
the effect of the boundary layer of overall water flow in a porous medium, (b) the flow 
paths with different distances and (c) the flow paths with different pore spaces (Bear 
and Braester 1972). The irregular velocity of solute-containing water across the 
medium creates a continuous mixing process along the flow path, which could be 
greater than the average flux rate to result in a front-mixing in the solute transport 
profile. In a one-dimensional model, the direction of mixing was assumed to be parallel 
to the direction of the flow, so-called longitudinal dispersion and is modelled as a 
function of average linear flow rate.  
The molecular diffusion is the solute movement driven by the concentration gradient, 
which is independent of the water flow. Nevertheless, the solid boundaries of porous 
medium might hinder the diffusion, and thus it was always factorized with the 
tortuosity of the porous medium (Fetter and Fetter Jr 1999). Then, the ADE is 









− 𝑞𝑐] (4.58) 
where 𝜃 is the water content [L3 L-3], c is the solute concentration in aqueous [M L-3], 
t is the time [T], z is the vertical distance [L] q is the unit flux rate [L1 T-1] and DT is 
the hydraulic dispersion coefficient [L2  T-1]. The DT is estimated as follows (Fetter and 
Fetter Jr 1999): 
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𝐷𝑇 = 𝐷𝐿|𝑞| + 𝜃𝐷𝐷 (4.59) 
where DL is the empirical longitudinal dispersivity [L
2 T-1] and DD is the molecular 
diffusion coefficient [L2 T-1]. Equation 4.63 describes the fundamental solute transport 
in a variably-saturated porous medium. Nevertheless, a variety of processes occurs 
simultaneously during the percolation. The contaminants could be adsorbed on the 
surface of the porous medium or degraded by the biochemical processes, and thus these 
processes were considered in this reactive transport model.  
4.2.1.2. Adsorption 
During percolation, some contaminants are potentially adsorbed on the surface of the 
porous medium due to the physical and chemical attraction. This process was always 
lumped as a total amount of solute deposited from aqueous state to the solid phase. In 
literature, adsorption was generally considered in two ways (Fetter and Fetter Jr 1999). 
If the adsorption is rapid compared to the flow velocity, the adsorbed compounds 
instantaneously reach an equilibrium state with the compounds in the aqueous phase. 
When the adsorption process is slow, the adsorption is no longer equilibrium-
controlled, but a kinetic sorption approach is required, where the adsorbed compounds 
could be desorbed and returned to the aqueous phase throughout the percolation. 
The rate of adsorption is determined as a function of the concentration, which is 
experimentally derived by measuring the removal rate of a particular contaminant in a 
specific porous medium. The experimental results are then plotted as an “isotherm” 
that illustrates the correlation between the influent concentration and the amount of 
solute adsorbed by the porous medium (Fetter and Fetter Jr 1999). The adsorption 
isotherm can be presented as a linear or non-linear equation.  
In the linear adsorption isotherm, the mass of compound adsorbed on the solid phase 
is presented as a first-order equation of the concentration in the aqueous phase (Nielsen, 
Th. Van Genuchten and Biggar 1986): 
𝑠𝑒
∗ = 𝐾𝑑𝑐 (4.60) 
where se* is the rate of change of adsorbed solute per unit weight of solid [M M
-1] and 
Kd is the first order coefficient [L
3 M-1]. In the linear adsorption isotherm, the Kd is 
directly obtained from the slope of the isotherm. 
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The non-linear isotherms can be presented either in Freundlich and Langmuir isotherm. 
The Freundlich isotherm correlates the adsorbed solute and solute concentration using 




where N is the Freundlich exponent [-]. In general, The Kd and N in the Freundlich 
isotherm are determined by empirically fitting the measured data. Both linear and 
Freundlich isotherms assume that the capacity of the adsorption site is unlimited. 
However, it is not true in some applications. As a result, the Langmuir adsorption 
isotherm is developed to implement an upper limit of the adsorption site in the equation, 






where ηk is the Langmuir adsorption constant [L
3M-1]. It should be noted that the ADE 
implemented with the non-linear isotherm requires further mathematical effort to 
obtain the concentration in the solid phase, and thus VF_Sep only considered the linear 
isotherm in the modelling of adsorption. 
By including the consideration of equilibrium adsorption, the ADE is rewritten as 









− 𝑞𝑐] (4.63) 
where ρb is the bulk density [M L
-3]. The equation 4.66 can be solved directly using 
the given information since the relationship remains linear. The linear adsorption 
isotherm is widely applied in the simulation of solute transport due to its simple 
application (Healy 1990). 
The kinetic adsorption can be presented as a first-order kinetic rate process with 
respect to the concentration in the solid phase and aqueous phase. The change of 
concentration in the solid phase of kinetic site with linear isotherm is obtained using 
the following equation (Nielsen, Th. Van Genuchten and Biggar 1986): 
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=  𝜔𝑘(𝐾𝑑𝑐 − 𝑠𝑘) (4.64) 
where sk is the mass of adsorbed compound in kinetic site [M M
-1] and ωk is the first-
order rate constant for the kinetic adsorbed compound [-].  
In most cases, the instantaneous equilibrium adsorption and kinetic adsorption occur 
simultaneously. Therefore, a two-site adsorption model was introduced to combine 
both adsorption sites. The total adsorbed mass-based concentration is given by: 
𝑠 = 𝑠𝑒 + 𝑠𝑘 (4.65) 
where s is the total concentration in solid phase [M M-1]. Accordingly, the equation 
4.64 was added with a fractional coefficient fE [-] to separate the instantaneous and 
kinetic adsorption process. Then, the modified transport equation with two-site 
adsorption to describe the transport of compounds in aqueous and solid phase, 













= 𝜌𝑏𝜔𝑘[(1 − 𝑓𝐸)𝐾𝑑𝑐 − 𝑠𝑘] (4.67) 
It should be noted that if the model only considers the equilibrium adsorption in the 
transport mechanism, the fE can be set to be 1 in the equation, while it is set to be 0 
when the adsorption is dominated by the kinetic sorption site. 
4.2.1.3. Dual-Porosity transport model with two-site adsorption in mobile phase  
In the dual-porosity model, the domain of the transport has to be divided into the 
mobile and immobile regions: 
𝜃𝑐 = 𝜃𝑀𝑜𝑏𝑖𝑙𝑒𝑐𝑀𝑜𝑏𝑖𝑙𝑒 +  𝜃𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒𝑐𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒 (4.68) 
where θ is the total water content [L3 L-3], θMobile is the mobile water content [L3 L-3], 
θImmobile is the immobile water content [L3 L-3], c is the total concentration [M L-3], 
cMobile is the solute concentration in mobile region [M L-3] and cImmobile is the solute 
concentration in immobile region [M L-3]. In the mobile regions, the transport of 
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contaminants was simulated using the ADE. Then, the contaminants in the immobile 
regions were assumed to be stagnant and are only affected by the exchange term 
between mobile and immobile region. Therefore, the governing equation of dual-









− 𝑞𝑀𝑜𝑏𝑖𝑙𝑒𝑐𝑀𝑜𝑏𝑖𝑙𝑒] − 𝛤𝑠 (4.69) 
𝜕(𝜃𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒𝑐𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒)
𝜕𝑡
= 𝛤𝑠 (4.70) 
where Γs is the exchange rate of contaminants between the mobile and immobile 
regions [M L-3 T-1]. The exchange rate is determined by:  
𝛤𝑠 = 𝛼𝑝ℎ(𝑐𝑀𝑜𝑏𝑖𝑙𝑒 − 𝑐𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒) + 𝛤𝑤𝑐
∗ (4.71) 
{
𝑐∗ = 𝑐𝑀𝑜𝑏𝑖𝑙𝑒     𝑖𝑓 Γ𝑤 > 0
 




where αph and Γw are the solute transfer coefficient [T
-1] and water exchange rate 
between the mobile and immobile region [L3L-3T-1], respectively. 
As mentioned in the last section, the adsorption was described in the equilibrium state 
and kinetic state. The adsorption in the immobile region was assumed to be under an 
instantaneous equilibrium condition. As for the mobile region, the two-site adsorption 
is implemented. The total adsorbed concentration s is then described as: 
𝑠 = 𝑓𝑀𝑜𝑏𝑖𝑙𝑒(𝑠𝑒,𝑀𝑜𝑏𝑖𝑙𝑒 + 𝑠𝑘,𝑀𝑜𝑏𝑖𝑙𝑒) + (1 − 𝑓𝑀𝑜𝑏𝑖𝑙𝑒)𝑠𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒 (4.73) 
where fMobile is the fraction of adsorption sites exposed to mobile water [-], se,Mobile is 
the adsorbed concentration in equilibrium with the solution concentration in the mobile 
zone [M M-3] and sk,Mobile is the adsorbed concentration of the kinetic sites exposed to 
the mobile water at equilibrium [M M-3]. As a result, the complete dual-porosity solute 
transport module with two-site adsorption in mobile region is expressed as (Šimůnek 
et al. 2003): 
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− 𝑞𝑀𝑜𝑏𝑖𝑙𝑒𝑐𝑀𝑜𝑏𝑖𝑙𝑒] − 𝛤𝑠1 − 𝛤𝑠2
− ∅𝑀𝑜𝑏𝑖𝑙𝑒 
(4.74) 
where ΦMobile is the sink/ source term in the mobile regions [M L
-3 T-1]. Γs1 represents 
the transfer rate between the mobile and immobile region [ML-3T-1]:  
𝛤𝑠1 = 𝛼𝑝ℎ(𝑐𝑀𝑜𝑏𝑖𝑙𝑒 − 𝑐𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒) + 𝛤𝑤𝑐
∗ (4.75) 
Γs2 stands for the mass transfer rate to the kinetic adsorption sites in the mobile region 
[M L-3 T-1], which is given as:   
𝛤𝑠2 = 𝜔𝑘𝜌𝑖[(1 − 𝑓𝐸)𝐾𝑑𝑐𝑀𝑜𝑏𝑖𝑙𝑒 − 𝑠𝑘,𝑀𝑜𝑏𝑖𝑙𝑒] (4.76) 
The rate of change for concentration in the kinetic adsorption sites contacting with the 
mobile water is presented as: 
𝜕𝜌𝑏𝑠𝑘
𝜕𝑡
= 𝛤𝑠2 − ∅𝑘,𝑀𝑜𝑏𝑖𝑙𝑒 (4.77) 
where ∅k,Mobile is the sink/source term for the adsorbed solute in kinetic adsorption site 
[M L-3 T-1]. As for the immobile solute, the adsorption was only considered at 
equilibrium condition and, which is given by: 
𝜕[𝜃𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒 + (1 − 𝑓𝑀𝑜𝑏𝑖𝑙𝑒)𝜌𝑏𝐾𝑑]
𝜕𝑡
𝑐𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒 = 𝛤𝑠1 − ∅ 𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒 (4.78) 
where ∅Immobile is the sink/source term in immobile regions [M L-3 T-1]. 
4.2.2.  Numerical implementation 
Similar to the flow module, the one-dimensional reactive solute transport under the 
variably-saturated condition was numerically formulated using the finite difference 
method. The nodal discretization used in the proposed solute transport module was the 
same as that described for the flow module. By neglecting the adsorption term, the 
basic idea of the derivation was based on the mass balance approach, which is 
presented as: 
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where subscript i is the spatial node (positive downwards) and J is the total flux of 





|+ + 𝑞𝑐|+ (4.80) 
The Crank-Nicolson method were applied to approximate the ADE in terms of time- 




























A second-order finite difference approximation developed by Bresler (1973) for an 
ADE of non-reactive component under a variably-saturated condition showed that the 































































































where ∆t is the temporal step, ∆z is the spatial step (positive downwards), subscripts i 
denotes the spatial discretization from top surface layer and superscripts j demonstrates 
the temporal level. The V denotes the average interstitial flow velocity, which is 
computed as follow.   
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The second term on the right side of equation 4.83 is a correction term of truncation 





to zero when the porous medium is saturated, the correction term is only visible under 
unsaturated condition and the flux is relatively rapid. In addition, it appeared to be 
negligibly small when a fine temporal step was allocated in the numerical solution.  

































































In order to develop an upper boundary condition for the infiltration case in ADE, a 
Cauchy (third-type) boundary condition was necessitated at the top of the domain. In 
Bresler (1973), a first space derivation was applied to the advection term and it has 
been found to be difficult to partition the inlet flux and outlet flux. This problem was 
due to the derivation of advection term in this numerical scheme, where a first space 
derivation was applied. Therefore, a modified second-order finite difference scheme 
was proposed to derive the advection term in the ADE. The detail derivation is 
presented in Appendix B. The time discretization was derived using Crank-Nicolsen 
scheme. The final equation is presented as follow.  
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The modified equation has to be expanded to include the mass transfer term, adsorption 
and sink/source term. The mass transfer between mobile region and immobile region 












𝑐∗ = 𝑐𝑀𝑜𝑏𝑖𝑙𝑒     𝑖𝑓 Γ𝑤 > 0
 




It should be noted that this mass transfer term is a function of the concentration in the 
mobile and immobile regions at the previous temporal step. Therefore, this term was 
solved at the first place and was independent of the solution of mobile concentration. 

















where the bulk density and distribution coefficient remain constant between temporal 
step. As for the solute adsorbed by kinetic site, the mass transfer term is given by: 
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where k is the zero-order kinetic term  (positive for source term and negative for sink 
term) [T-1].  The similar derivation was applied to the sink/ source term in the immobile 
region. In the following derivation, the sink term was retained in the following 
equation to facilitate the presentation. The complete solute transport scheme for the 






















































































































































Similar to the flow module, the equation was implemented in MATLAB ® as a tri-
diagonal matrix for each time step. The concentration in the mobile region at the latest 
temporal time step (j+1) was obtained using the tridiagonal matrix algorithm:  
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𝑀1 𝑈1 0 0 0 ⋯ ⋯ 0 0 0
𝐿2 𝑀2 𝑈2 0 0 ⋯ ⋯ 0 0 0
0 𝐿3 𝑀3 𝑈3 0 ⋯ ⋯ 0 0 0
0 0 𝐿4 𝑀4 𝑈4 ⋯ ⋯ 0 0 0
0 0 0 𝐿5 𝑀5 ⋯ ⋯ 0 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋱ ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋱ ⋮ ⋮ ⋮
0 0 0 0 0 ⋯ ⋯ 𝑀𝑁−2 𝑈𝑁−2 0
0 0 0 0 0 ⋯ ⋯ 𝐿𝑁−1 𝑀𝑁−1 𝑈𝑁−1


























































































































+ 𝜔𝑘𝑖𝜌𝑏𝑖(1 − 𝑓𝐸𝑖)𝐾𝑑𝑖 
(4.94) 













































































































As for the concentration of solute in the immobile regions, the derivation was similar 
to ADE, but the movement was neglected since the water was assumed to be stagnant. 
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where the sink term ∅Immobile is similar to equation 4.91.   
As for the solid phase in the immobile region, only the equilibrium adsorption was 
















 was obtained from the result of 4.93. On the other hand, the sink 
















4.2.3. Initial and boundary conditions 
The initial conditions of the concentrations of solute in the mobile and immobile 
regions, as well as the adsorbed solute within the boundaries is self-defined as: 
𝑐𝑀𝑜𝑏𝑖𝑙𝑒(𝑖, 𝑡) = 𝑐𝑀𝑜𝑏𝑖𝑙𝑒0(𝑖) ,    𝑖 = 0…𝑁, 𝑡 = 𝑡0 (4.101) 
𝑐𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒(𝑖, 𝑡) = 𝑐𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒0(𝑖) ,   𝑖 = 0…𝑁, 𝑡 = 𝑡0 (4.102) 
𝑠𝑘(𝑖, 𝑡) = 𝑠𝑘0(𝑖) ,    𝑖 = 0…𝑁, 𝑡 = 𝑡0 (4.103) 
For the top boundary conditions, the wetland surface (z=0) is under infiltration, and 
thus a Cauchy boundary condition was employed: 
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where C0 is the concentration of the contaminant in the inlet water applied to the 
wetland bed [M L-3]. The term at the right-hand side is regarded as the inlet flux. 










































































































The boundary condition at the bottom of the domain was set to be freely-drained. 
Therefore, the following condition must be satisfied: 
𝜕𝑐
𝜕𝑧
= 0 (4.108) 
Accordingly, the associated equation is presented as: 
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4.2.4. Stability constraints 
One of the drawbacks of the numerical solutions of the transport equations is the 
numerical dispersion, which is also known as oscillatory behaviour in the simulation 
(Šimunek, van Genuchten and Sejna). The problem could be significant when the 
transport mechanism is dominated by the advection and the effect of dispersion is 
minor. The undesired numerical dispersion can be prevented by optimizing the space 
and time discretization. In order to ensure a robust simulation, a set of stability criterion 
was implemented in the model to evaluate the level of numerical dispersion with the 
prescribed discretization.  
Two dimensionless criteria were used to determine the level of numerical dispersion 
of the solution. The first criterion is the Courant number (Cr), which determines 
whether the space between two spatial coordinates is sufficient to describe the 
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maximum magnitude of velocity with the prescribed temporal discretization (Courant, 





where q denotes the water flux [LT-1], ∆t is the duration of temporal discretization [T] 
and  ∆z is the size of spatial discretization [L]. The maximum value of Cr should be 
below 1 to eliminate numerical dispersion. 
The second criterion is the Peclet number (Pe). Pe is the ratio between advection and 
dispersion, which is a useful indicator to illustrate the principal transport mechanisms 





where θ is the water content [-] and D is the dispersivity [LT-2]. A higher Pe means 
that the transport is dominated by the dispersion. To ensure a stable simulation, the Pe 
should be maintained at a low value, and thus a finer spatial discretization should be 
adopted to control the number. In this study, the allowable Pe is limited to be below 5.  
4.3. Kinetics module  
In VF_Sep, the kinetics of particular contaminants were compiled with the transport 
module to predict its fate throughout the substrate. This kinetics module was linked to 
the solute transport module as a sink/source term (∅). In the pilot-scale VFCW system, 
the treatment was achieved by a number of physical and biochemical processes that 
occurs simultaneously during percolation. The major transformation and degradation 
processes of nitrogenous compounds have been introduced in section 2.3. As these 
processes generally exhibit a non-linear characteristic and interact with each other, the 
first-order reaction rate might be oversimplified to simulate the treatment performance 
(Zhang et al. 2015). On the other hand, the physical filtration is the main mechanism 
for the deposition of particulate contaminants. A simple first-order coefficient was 
used to account the removal rate with influent flux. The nitrogen uptake by vegetation 
was considered in the proposed system, where such removal is described as a function 
of water uptake.  
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4.3.1. Bio-kinetic module 
The biochemical processes are the main mechanisms in the VFCW to remove organic 
carbon and nitrogen constituted in the raw septage. These processes are accomplished 
by the growth and metabolism of active biomass, which is categorized into 
heterotrophic and autotrophic biomass (Gujer et al. 1999). In general, the biological 
activity is categorized into aerobic, anoxic and anaerobic processes. The aerobic 
environment is the most favourable condition to stimulate biological activity 
(Tchobanoglous et al. 2003; Von Sperling 2007). 
The VFCW is globally accepted as an aerobic reactor that efficiently carries out the 
aerobic decomposition of organic matter and nitrification of NH4
+-N (Kadlec and 
Wallace 2008; Vymazal 2007). According to the preliminary study with regards to the 
oxygen content in a laboratory-scale VFCW, the amount of DO content and the level 
of oxidation-reduction potential (ORP) in the effluent revealed a similar outcome as it 
characterized a promising aeration capacity in the system.  
The growth of heterotrophic biomass is a naturally-occurring process that decomposes 
the biodegradable organic compounds to obtain carbon and energy. The organic 
compound consumed by the biomass is known as the substrate in the process. Its 
fraction of the amount of biomass in the treatment unit is a crucial parameter for the 
treatment performance. As an electron acceptor is essential in the process, the 
development of heterotrophic biomass is sensitive to the oxygen condition in the 
reactor (Guan et al. 2015; Zhou et al. 2009). Under aerobic conditions, oxygen serves 
as the terminal electron acceptor. At the time that the oxygen content is low in the 
system, NO3
--N plays as the electron acceptor. It is converted into dinitrogen at the 
end of the process, and thus the decomposition of organic compounds under anoxic 
conditions is commonly known as denitrification process. When the electron acceptor 
is absent in the system, anaerobic fermentation will take place and the energy is 
obtained from the formation of methane (Tchobanoglous et al. 2003). As the VFCW 
has an excellent re-aeration capacity, anoxic and anaerobic conditions are seldom 
observed during treatment (Tan et al. 2015). 
Autotrophic biomass obtains the energy and carbon source from the oxidation of NH4
+-
N and the reduction of carbon dioxide, respectively (Tchobanoglous et al. 2003). Due 
to the absence of a substrate in the process, the activity of autotrophic biomass is 
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 4 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage        Model Development  
   
104 
 
generally slow compared to heterotrophic biomass. Its growth, which is commonly 
known as nitrification, only occurs with sufficient supply of oxygen and alkalinity.   
The growth of heterotrophic and autotrophic biomass require NH4
+-N as a 
complementary nutrient source to deliver cell synthesis. On the other hand, the 
biomass debris is produced simultaneously due to the lysis of active biomass. Such 
accumulation of biomass debris in the treatment unit potentially reduces the viability 
of treatment.   
Due to the complexity of interactive biochemical processes in the VFCWs, a Gujer 
matrix (Gujer et al. 1999) was employed to develop the bio-kinetics module. This 
method coupled the stoichiometric relationship, Monod kinetics and composition 
parameter to correlate the total amount of products to the total mass of reactants in the 
biological wastewater treatment. This method provided a comprehensive relation of 
conversion between the components that subjects to the processes including biomass 
growth and decay, nitrification and denitrification, and hydrolysis. The proposed bio-
kinetics module is a simplified version of ASM2D (Henze et al. 1999) and ASM3 
(Gujer et al. 1999). As the latest version of ASM, ASM3 is referred as the standard 
bio-kinetics module in this study, which consists of thirteen components and twelve 
processes to predict oxygen consumption, sludge production, nitrification and 
denitrification in the activated sludge system. In VF_Sep, the number of components 
and processes were reduced to eleven and six, respectively.  
4.3.1.1. Components 
The components in the bio-kinetic modules were categorized into soluble (SX) and 
particulate (XX) components. The particulate components are defined as the 
compounds that will be trapped on 0.45μm membrane filters (Gujer et al. 1999). A 
total of eleven components were included in VF_Sep, encompassing seven soluble 
components and four particulate components. In order to reduce individual 
requirements, cell internal storage products of heterotrophic organisms and total 
suspended solids (TSS) as in the ASM3 were excluded in the proposed bio-kinetics 
module. The transport of SX and XX were simulated using the ADE as described in 
section 4.2. Nevertheless, the heterotrophic and autotrophic biomass were assumed to 
be stationary biofilm in the wetland bed.  Table 4.1 presents the summary of the 
descriptions of each component.   
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Table 4.1: Components in bio-kinetics module 
Components Description 
Soluble components 
C1-SO [M(O2) L-3] Dissolved oxygen, which governs all the aerobic 
processes in the controlled volume.  
C2- SI [M(COD) L-3] Inert soluble organic matter, which mainly represents the 
organic matter that cannot be further degraded by any 
biochemical process in the system. SI enters the system 
with influent and is also the product of hydrolysis of 
particulate biodegradable organic matter (XS). 
C3-Ss [M(COD) L-3] Readily biodegradable organic matter is the organic 
matter (carbon and nitrogen) that can be directly 
consumed by the heterotrophic biomass for their growth.  
C4- SNH [M(N) L-3] Ammonium plus ammonia nitrogen (NH4+-N and NH3-
N, respectively) acts as the nitrogen source in both 
aerobic and anoxic microbial processes. To ease the 
balance of ionic charges, the module assumed that the 
NH4+-N dominates in the processes. The breakdown of 
biodegradable organic matter and the decay of 
microorganisms release a certain amount of SNH to the 
system. In the microbial processes, the existence of 
ammonium is important as it serves as the 
complementary nutrient.  
C5- SN2 [M(N) L-3] Dinitrogen (N2) is the product of denitrification. 
C6- SNO [M(N) L-3] 
 
Nitrate nitrogen (NO3--N) is the product of nitrification. 
Under the anoxic condition, SNO acts as the electron 
acceptor in the growth of heterotrophic biomass.   
C7- SHCO [mole(HCO3-) L-3] In the modelling of wastewater treatment, alkalinity is a 
parameter to identify the ability to adsorb hydrogen ions. 
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Table 4.1: Components in bio-kinetics module (cont.) 
Components Description 
Particulate components 
C8- XI [M(COD) L-3] The inert particulate organic matter is incapable of being 
degraded by any microbial process in the system. Such 
particulate components are the product from the lysis of 
active biomass, which accumulates in the system and 
ultimately reduce the viability of treatment.  
C9- XS [M(COD) L-3] Slowly biodegradable particulate organic matter is 
converted to the soluble form by hydrolysis, where the 
soluble inert and biodegradable organic matter (SI and 
SS, respectively) are the final products in the process. 
C10- XH [M(COD) L-3] Heterotrophic biomass consumes biodegradable organic 
compounds to obtain energy and carbon for the growing 
process. The oxygen serves as the terminal electron 
acceptor under aerobic environment while the nitrate  
C11 XA [M(COD) L-3] Autotrophic biomass uses the inorganic compounds as 
an energy source and carbon dioxide as a carbon source 
for cell synthesis.  
The unit used to present the components in the proposed bio-kinetics module is the 
same as ASM3 (Gujer et al. 1999). It should be noted that chemical oxygen demand 
(COD), which is a parameter that quantifies the available electrons in a sample, is used 
to represent the organic matter and biomass in the system. When the decomposition of 
organic matter takes place, these electrons are consumed by biomass formation or 
combined by the terminal electron acceptor. As a result, it is practical to express the 
concentration of organic matter and biomass using COD.  On the other hand, the 
content of nitrogenous compounds is expressed using nitrogen (N), while the unit of 
alkalinity is the molar concentration of bicarbonate (HCO3
-).   
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The proposed bio-kinetics module lumped the content of Org-N under the category of 
organic matter [M(COD) L-3]. In organic matter (SS, SI, XS and XI) and biomass (XH, 
and XN), a composition parameter was used to quantify the amount of nitrogen content 
in per unit of organic matter, which serves as a conversion factor in the following 
stoichiometry calculation. The same concept was applied to identify the total 
suspended solids content in organic matter and biomass. Table 4.2 presents the 
composition parameters of nitrogen and suspended solids in organic matter and 
biomass. 
4.3.1.2. Reactions 
The proposed module consists of six aerobic and anoxic biological processes. The 
processes in the module are categorized into (a) hydrolysis, (b) heterotrophic processes 
(denitrification), and (c) autotrophic processes (nitrification). As the cell internal 
storage was not considered in the proposed module, four processes including the 
storage of COD and decay of cell internal storage were removed. In addition, the decay 
of biomass was described as a lysis process, which was not affected by the electron 
acceptor in the process. Accordingly, the proposed bio-kinetics provides a simple 
platform to predict the oxygen consumption, decomposition of organic matter, 
nitrification, and denitrification in VFCW. All of these processes were expressed using 
Monod-type rate equations. The definition and unit of kinetic parameters used in this 
module are stated in Table 4.3. 
 Hydrolysis: Hydrolysis is the solubilisation of slowly particulate 
biodegradable substrates (XS) (Grady Jr et al. 2011). Ammonification, where 
ammonium (SNH) is released from the decomposition of organic matter 
containing nitrogen, is lumped in this reaction. The occurrence of hydrolysis is  
Table 4.2: Composition parameters 
 Composition Parameters Unit 
iNSI Nitrogen Content in SI mgN mgSI
-1 
iNSS Nitrogen Content in SS mgN mgSS
-1 
iNXS Nitrogen Content in XS mgN mgXS
-1 
iNXI Nitrogen Content in XI mgN mgXI
-1 
iNBM Nitrogen Content in Biomass mgN mgBM
-1 
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Table 4.3: Kinetic parameters 
Parameter Description Unit 
kH Hydrolysis rate constant d
-1 
KX Saturation coefficient for hydrolysis mgXS mgBM
-1 
Heterotrophic Organisms, Denitrification 
μH Maximum growth rate on substrate d-1 
ηNO Anoxic reduction Factor - 
KH,O Saturation/ Inhibition coefficient for DO mgSO l
-1 
KH,S Saturation coefficient for substrate  mgSS l-1 
KH,NO Saturation coefficient for NO3
--N mgSNO l-1 
KH,NH Saturation coefficient for NH4
+-N mgSNH l-1 
KH,HCO Saturation coefficient for alkalinity moleSHCO l-1 
bH Rate constant for lysis d-1 
Autotrophic Organisms, Nitrification 
μA Maximum growth rate on NH4
+-N d-1 
KA,O Saturation/ Inhibition coefficient for DO mgSO l-1 
KA,NH Saturation coefficient for NH4
+-N mgSNH l-1 
KA,HCO Saturation coefficient for alkalinity moleSHCO l-1 
bA Rate constant for lysis d-1 
assumed to be independent of the availability of oxygen and electron donors. 
The rate expression of hydrolysis is a modified Monod equation, where the rate 
is controlled by the ratio of particulate biodegradable substrates to 
heterotrophic biomass instead of the concentration of particulate substrate 
concentration: 







 Aerobic growth of heterotrophic biomass: The aerobic synthesis of XH relies 
on the digestion of the soluble biodegradable organic matter (SS) for the carbon 
sources. Meanwhile, dissolved oxygen (SO) is consumed as the terminal 
electron acceptor in the process. As the development of heterotrophic bacteria 
depends on binary fission (Water Environment Federation, Federation and 
Institute 2005), the rate of growth is correlated to the concentration of active 
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biomass in the existing active biomass. Thus, the maximum growth rate 
coefficient, 𝜇?̂? is a first-order rate coefficient. The growth rate is influenced by 
the concentration of readily biodegradable organic matter (SS), dissolved 
oxygen (SO) and ammonium (SNH). SNH is the complementary nutrient in the 
process to stimulate protein synthesis. Furthermore, alkalinity (SHCO) is 
included as an effect of pH to the efficiency of biological activity. The Monod-

















 Anoxic growth of heterotrophic biomass: The anoxic growth of 
heterotrophic biomass is similar to the circumstances under aerobic condition, 
except that the nitrate (SNO) replaces the dissolved oxygen (SO) to act as the 
terminal electron acceptor. Such heterotrophic growth leads to nitrate reduction 
and thus it is also known as the denitrification. An inhibition term of dissolved 
oxygen was added to the rate expression to ensure that the rate is only 
significant under the condition of low SO concentration. The rate of anoxic 
growth is relatively slow compared to aerobic growth, where an anoxic 
reduction factor 𝜂𝑁𝑂was involved in the rate expression to diminish 𝜇?̂?:     













 Lysis of heterotrophic biomass: The lysis considers all the losses of 
heterotrophs and the associated energy requirement. A traditional decay 
approach was used to describe the loss of active biomass as it was fully 
ultimately decomposed into a certain amount of biomass debris, including 
slowly biodegradable and inert organic matter. Ammonium (SNH) is released 
during the decomposition. The specific rate is presented as a first-order 
equation 
𝑃4 = 𝑏𝐻,𝑂2𝑋𝐻 (4.118) 
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 Growth of autotrophic biomass: The autotrophic biomass (XA) was assumed 
to incorporate all nitrifying bacteria (Nitrosomonas and Nitrobacter) to ease 
the modelling. Nitrifying bacteria consumes carbon dioxide to obtain the 
carbon for cell synthesis and oxidizes ammonium (SNH) to nitrite (SNO) in order 
to gain the required energy for the microbial activity, where the process is also 
known as nitrification. Due to the energy restriction in metabolism as well as 
the usage of carbon dioxide as a carbon source for cell synthesis, the specific 
growth rate of autotrophic bacteria is commonly slower than heterotrophic 
bacteria (Grady Jr et al. 2011). This study considered the nitrification as a 
single step reaction. As mentioned in the previous section, autotrophs are the 
obligate aerobic bacteria, which use oxygen as the terminal electron acceptor. 
The rate expression was presented as:   
𝑃5 = 𝜇?̂? (
𝑆𝑂
𝐾𝐴,𝑂 +  𝑆𝑂
)(
𝑆𝑁𝐻
𝐾𝐴,𝑁𝐻 +  𝑆𝑁𝐻
)(
𝑆𝐻𝐶𝑂
𝐾𝐴,  𝐻𝐶𝑂 +  𝑆𝐻𝐶𝑂
)𝑋𝐴 (4.119) 
 Lysis of autotrophic biomass: The circumstances of aerobic endogenous 
respiration of autotrophic biomass is similar to the description as in Lysis of 
heterotrophic biomass.  
𝑃6 = 𝑏𝐴,𝑂𝑋𝐴 (4.120) 
4.3.1.3. Stoichiometry matrix 
The stoichiometry matrix was used to quantify the relation between each component 
and the associated processes. The coefficients in the matrix were determined by means 
of mass conservation approach, where a positive sign indicated “production of 
component” in the process and negative sign means “consumption of component”. 
Figure 4.7 illustrates a general relationship between the components concerned in this 
bio-kinetics module. Table 4.4 introduces the stoichiometric parameters used in the 
module. 
The hydrolysis decomposes XS into SS and SI. In the stoichiometry matrix, the 
variation between components was described as the production of SS and SI from per 
unit of XS decomposed, where a fraction parameter fSI is utilized to quantify the amount 
of two products in hydrolysis. The coefficient of SNH is proportional to the production 
and consumption in the process, where the SNH is released from the decomposition of  
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Figure 4.7: The conceptual relationship between the components 
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Table 4.4: Stoichiometric parameters 
 Stoichiometric Parameters Unit 
fSI Fraction of SI in hydrolysis mgSI mgXS
-1 
fXI Production of XI in lysis mgXI mgBM
-1 
YH,O Aerobic Yield of Heterotrophic Biomass mgXH mgSS
-1 
YH,NO Anoxic Yield of Heterotrophic Biomass mgXH mgSS
-1 
YA Yield of Autotrophic Biomass mgXA mgNH
-1 
XS and is subsequently used in the formation of SS and SI. The composition parameters 
as introduced in Table 4.2 are subjected to the matrix to determine the coefficient of 
SNH. 
In general case, the rate of biomass growth is proportion to the amount of substrate 
decomposed. The process was expressed using a true growth yield factor Y to estimate 
the production of biomass from per unit of substrate consumed. In this bio-kinetics 
module, three true yield factors were involved, including the aerobic yield of 
heterotrophic biomass (YH,O), the anoxic yield of heterotrophic biomass (YH,NO), and 
the yield of autotrophic biomass (YA). The substrate consumed by the heterotrophic 
biomass and autotrophic biomass are SS and SNH, respectively. 
The relation between the production of biomass and the consumption of substrate and 
electron acceptor was described based on per unit of biomass produced. For an 
example, the stoichiometric coefficient of heterotrophic biomass in the process of 
aerobic growth was set to be 1. Then, the coefficient for the consumption of SS and 




 and 1 −
1
𝑌𝐻,𝑂
, respectively.  
Under anoxic conditions, SNO serves as the terminal electron acceptor. The common 
approach to present the stoichiometric coefficient of the nitrogenous component is by 
using oxygen equivalence. Therefore, it has a conversion factor of 2.86 mg O2/ mg N 
as the oxidation state changed from –III to 0 (Tchobanoglous et al. 2003). The 
stoichiometric coefficient of SNO was expressed using negative sign to describe the 
consumption. SNH plays as a nutrient source in the formation of new XH. Nevertheless, 
a certain amount of SNH is released from the decomposition of SS.  
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The value of yield factors of heterotrophic biomass relies on the substrate, biomass 
population, and environmental factors. The range of true yield values used in the 
biological treatment model is wide. The maximum fraction of XH (COD) produced 
from per unit of SS (COD) digested is commonly 0.75, where the remaining Ss is used 
as the energy source for synthesis (Grady Jr et al. 2011). In addition, the energy used 
for the metabolism and lysis of biomass might result in the features of biological 
treatment, where the first is that the observed yield is always lower compared to the 
true yield and the second is that not all the biomass is active and viable in the treatment 
mechanisms (Grady Jr et al. 2011).  
In the nitrification process, SNH serves as an energy source. On the other hand, the 
carbon source (CO2) was assumed to be plentiful in the environment. The change of 
oxidation state in nitrification is from +V to –III, which resulted in a reduction factor 
of 4.57 mg to the stoichiometric coefficient of SO. The yield factor of autotrophic 
biomass is typically low compared to the heterotrophic biomass. 
The lysis of biomass was expressed on the basis of the first-order equation. A 
production factor fXI was implemented to quantify the production of XI from per unit 
of biomass decayed. Then, the remaining of organic matter released from the 
decomposition was considered as XS. Meanwhile, a small amount of SNH is released 
during the process. 
The alkalinity is essential in the nitrification process. In this bio-kinetic module, the 
coefficient of production and consumption of alkalinity was determined from the 
dynamics of nitrogenous components, SNH, SN2 and SNO, based on the unit of ionic 
charge mole. Hydroxides, carbonates, and bicarbonates of various inorganic matter are 
the common measure of the alkalinity in wastewater treatment. An equivalence of 
calcium carbonate (CaCO3) is a typical unit for the alkalinity in wastewater treatment. 
Accordingly, a stoichiometry matrix is structured and described in Table 4.5. The 
numerical implementation of bio-kinetics module to the transport module is described 
in section 4.3.4.  
4.3.2. Surface filtration 
The excellent solid deposition in the pilot-scale VFCW-based septage treatment 
system shows its remarkable ability of surface filtration. Such physical filtration is a 
rapid mechanism to remove particles from the liquid phase when the influent passes  
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Table 4.5: Stoichiometry matrix of bio-kinetics module 
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Table 4.6: Stoichiometry coefficient of alkalinity 




































 [𝑖𝑁𝐵𝑀 − 𝑓𝑋𝐼 ∙ 𝑖𝑁𝑋𝐼 − (1 − 𝑓𝑋𝐼) ∙ 𝑖𝑁𝑋𝑆] 
through the medium that is only permeable to fluid flow. As explained in section 
4.1.1.5, the accumulation of sludge deposit layer was estimated using a mass balance 
approach, which was fundamental for the amount of influent solute flux and a retention 
parameter of the wetland bed. In a similar way, the simplest way to numerically 
describe the removal of particulate component at the surface layer was using the first 
order kinetics proposed by Iwasaki, Slade, and Stanley (1937): 
∅𝑓(0, 𝑡) =  𝜎𝑞𝑠𝑢𝑟(0, 𝑡)𝐶0(0, 𝑡) (4.121) 
where ∅𝑓 is the sink term for filtration, σ is the retention parameter, qsur is the influent 
flux and C0 is the solute concentration of influent.  
4.3.3. Nutrient uptake by vegetation 
The nutrients and minerals are adsorbed by the vegetation for growing process, and 
thus the uptake of NH4
+-N, NO3
--N and phosphorus are generally considered in the 
wetland ecosystem. In this study, the extraction of nutrient by vegetation emerged 
exclusively to the rate of root water uptake using an uncompensated method:  
∅𝑣(𝑧, 𝑡) = 𝑆𝑇(𝑧, 𝑡) ∙ 𝑐(𝑧, 𝑡) (4.122) 
where ∅𝑣 is the sink term of passive nutrient uptake [M L
-2 T-1], ST is the root water 
uptake [L T-1] and c is the concentration in the aqueous phase in mobile region [M L-
3].  
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4.3.4. Numerical implementation 
In VF_Sep, the bio-kinetics module was developed independently in a style of Gujer 
matrix (Gujer et al. 1999), which is a combination of stoichiometry, composition and 
reaction kinetics (Langergraber and Šimůnek 2012). In the bio-kinetics module, the 
components are subdivided into five groups. First, SO, SS, SHCO, SI and SN2 is only 
affected by the biochemical reactions. SNH is involved in the bio-kinetics, adsorption 
and plant uptake, while SNO is free from the influence of adsorption.  The surface 
filtration is imposed to the particulate components including XS and XI. The 
heterotrophic and autotrophic biomass, XH and XA, was assumed to be fixed biomass 
at a particular layer. 
The stoichiometry matrix requires the concentration of each component in the 







) as a layer and assumes the particular layer as a 
CSTR. In the dual-porosity model, the transport of components is divided into mobile 
region and immobile region and the estimation of the associated biodegradation are 
carried out separately. A term of mass transfer is allocated between the regions, which 
is estimated with respect to the water transfer rate. All concentrations in the bio-
kinetics module are necessary to be in the form of the liquid phase [M L-3]. The mass-
based concentration in the solid phase, si [M M
-1] is converted according to the water 





The summation of the concentration [M L-3] of the liquid and solid phase in the mobile 
and immobile regions, which is represented by the Cmobile and Cimmobile, respectively, 
are then transferred to the bio-kinetics module to obtain the kinetic rate. In the 
stoichiometric matrix, the interactions between components are jointed and a 
simultaneous computation at each iteration step is essential (Langergraber and 
Šimůnek 2006). Figure 4.8 demonstrates the flow to estimate the rate of biochemical 
reaction at a random node i. To find the reaction rate at the current time step j+1, the 
concentrations of all eleven components (C1ji ~ C11
j
i) at the time step j are extracted 
as the input to obtain the corresponded reaction kinetics (k1j+1i ~ k11
j+1
i). Then, the  
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Figure 4.8: The procedure to estimate the biochemical reaction rate at node i 
outputs are returned to the solute transport module to merge with the transport equation 
of the particular component at time step j+1. 
It should be noted that only three components, SNH, XH and XA, were assumed to be 
involved in the adsorption. Therefore, the total concentration of SO, SS, SI, SNO, SN2, 
SHCO, XS and XI in both mobile and immobile regions are only determined in the 
aqueous phase, as illustrated in Figure 4.9.  
The SNH is the only component simulated with adsorption capability. The adsorption 
of the SNH in the mobile region is separated in the equilibrium and kinetic state. In the 
immobile region, only the equilibrium state is considered. Figure 4.10 illustrates the 
relation of SNH between the solid phase and liquid phase in the mobile and immobile 
region. The heterotrophic and autotrophic biomass are assumed as a homogenous 
biofilm attached uniformly on the surface of the porous medium. Therefore, all 
biomass were assumed to be stationary and is considered under solid phase only. The 
portion of biomass in the mobile and immobile region are determined according to the 
fraction of mobile phase (fMO). Then, the associated concentration of biomass is 
determined using equation 4.123, which involved the bulk density of the substrate 
material and the water content in particular region in the equation.  
The reaction terms of each component are identified by coupling the stoichiometry 
matrix (Table 4.7) and the equations of reaction processes (equation 4.115 – 4.120). 
The overall reaction term R for component m can be obtained as follows: 
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Figure 4.9: Determination of the total concentration of SO, SS, SI, SNO, SN2, SHCO, 





where m denotes the components 1 – 11, n denotes the processes 1-6, Rm is the reaction 
term for component m [M L-3 T-1], vn,m is stoichiometric factor for component m and 
process n [M M-1], Pn is the zero-order reaction rate for process n [M L-3 T-1]. The Rm 
was used as the zero-order kinetic term to describe the gain or removal via the 
biochemical process.  
 
Figure 4.10: Determination of the total concentration of SNH 
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Figure 4.11: Determination of the total concentration of XH and XA 
The surface filtration was modelled using a simple first-order approach in the top node. 
It is a sink term to estimate the local removal in the transport of particulate compounds. 
On the other hand, the sink term for nutrient uptake is dependent on the transpiration 
rate in the hydraulic simulation, which is a first-order rate coefficient in the transport. 
When the water uptake is zero, the nutrient uptake by vegetation has no effect on the 
fate of nitrogenous constituents.   
4.4. Summary of program code in MATLAB®   
The coding of VF_Sep was developed using simulation software MATLAB® 2013b. 
Figure 4.12 demonstrates the flow chart of the proposed model. The program code 
involved the main transport module and three sub-modules for van-Genuchtent 
Mualem model (VGM model), evapotranspiration (ET module) and bio-kinetics 
module, which are represented in grey boxes in the flow chart. The main transport 
module was divided into two parts, which were a hydraulic simulation and a reactive 
transport simulation.  
The first step of the principle concept is to read the input files to initialize the various 
variables in the simulation. These parameters include the information of geometry, 
time, iteration criteria, hydraulic properties, transport parameters, influent quality, 
boundary conditions and initial condition. Except for the initial condition that is 
imported from a xlsx file, the remaining information is input directly in the main 
transport module. The simulation starts with the computation of hydraulic behaviour 
and then to the reactive transport. The sub-modules VGM and ET were used in the 
simulation of hydraulic behaviour, while the bio-kinetics sub-module was employed  
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Figure 4.12: Flow chart of the VF_Sep 
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in the reactive transport. The simulation repeats the same procedure in every time step 
until the prescribed final simulation time is reached. Then, the simulated results are 
saved in a xlsx file.  
The modelling of hydraulic behaviour and reactive transport were coded in the same 
m-file and this part could not be individually executed. The detailed flow chart of the 
hydraulic simulation is illustrated in Figure 4.13. The inputs required in the hydraulic 
simulation are listed in the same figure. When the simulation is initialised, several 
matrices are created to accommodate the simulated data of hydraulic behaviour and 
contaminant transport with regards to the information of geometry and time. The VGM 
model was employed to compute the initial water content and hydraulic conductivity 
according to the initial pressure head distribution and the prescribed hydraulic 
characteristics. The ET module estimates the rate of water loss to the atmosphere. This 
rate is further derived into evaporation and transpiration in the m-file. Subsequently, 
the iterative computation of hydraulic behaviour is then executed with these initialized 
variables.  
The pressure head (h) from the non-linear Richards equation was solved using the 
modified Picard iteration method. The convergence of the solution is obtained by 
comparing the residual of the solution to the prescribed minimum tolerance. Then, the 
solution from the simulation, which is in term of h, is then used to calculate the water 
content and water flux in both mobile and immobile regions. As for case that the 
convergence fails to be obtained within the maximum number of iterations, the 
residual is then compared to the prescribed maximum tolerance. If the solution is 
incapable of converging to the tolerance, the simulation will be terminated and 
considered as failure. The simulated data are temporarily stored in the matrices created 
previously, and the simulation is continued until the end of the prescribed duration. 
When the simulation is completed, all the simulated data are output in a xlsx file. 
The routine of the simulation for contaminants transport is described in Figure 4.14. 
The simulated water content and water flux are exported from hydraulic module to the 
transport module. Then, they are coupled with the transport parameters, influent 
concentration, initial concentration, and boundary condition to deliver the simulation 
of transport. As the adsorption was considered as a linear kinetics in the proposed  
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Figure 4.13: Flow chart of hydraulic module 
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 4 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage        Model Development  




Figure 4.14: Flow chart of transport module 
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model, the computation of ADE is carried out directly without the necessity of iterative 
algorithm. 
The first step in the transport module is to obtain the values of dispersion coefficient 
in each node from the prescribed transport parameters and simulated water flux. Then, 
the dispersion coefficient is evaluated with the spatial and temporal size to determine 
the level of numerical dispersion. If the undesired Cr (>1) or Pe (>5) is observed, the 
simulation will be stopped and the discretization of space and time have to be corrected 
to prevent numerical dispersion. 
The simulation of transport has to be repeated for all components considered in the 
model. The computations of bio-kinetics for each component has been explained in 
section 4.3.4, where the coefficients of degradation are obtained simultaneously based 
on the concentrations of all components at the previous time step. Therefore, the 
simulation of reactive transport of particular component is independently carried out 
with the associated bio-kinetics coefficient at each iteration step. The calculation of 
the next component is started only after the solution of the aqueous concentration and 
sorbed concentration of a particular component has been obtained. After the simulation 
of all components considered in the model is finished, the iterative procedure is 
repeated until the end of the prescribed simulation time. The simulated data, which are 
stored temporarily in the matrices as mentioned in Figure 4.14, are converted to a xlsx 
file at the end of simulation. At this stage, the simulation process in the proposed multi-
component reactive transport model is considered to be complete.  
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Chapter 5 Laboratory Experimental Results 
 
The current understanding has established an overview of the potential factors in the 
wetland system designed for septage treatment, including the influence of the 
vegetation, loading regime, and the alternation of impounding. To date, the following 
conclusions have been made for the first-stage treatment of the two-stage VFCW-
based septage treatment system (Jong 2014): 
 The wetland bed operated weekly using a solids loading rate up to 350 kg total 
solids (TS) m-2 yr-1 produced a removal approximately 98 %, 99 % and 93 % 
for total suspended solids (TSS), chemical oxygen demand (COD) and 
ammonia nitrogen (NH3-N), respectively;  
 The presence of vegetation enhanced the removal of organic matter and 
nitrogenous constituents, as well as the dewatering efficiency; 
 The aeration capability was high with the installation of ventilation pipes; 
 The excessive development of sludge deposit layer was the main reason of 
clogging phenomenon and this can be prevented through the appropriate 
resting regime. 
A wetland bed was built as described in Chapter 3 and was modelled to investigate the 
hydraulic and treatment performance. In order to ensure the system was ready to 
operate, a preliminary experiment was undertaken to gain insights into the overall 
treatment efficiency of TS, organic matter and nitrogenous constituents, and the results 
are presented in section 5.1. Then, the flow of the wetland bed was continuously 
monitored to plot the hydraulic and treatment dynamics throughout the feeding-
draining cycle. Twenty-five operations have been carried out with varying hydraulic 
loads in this study. In this chapter, the experimental results are presented in terms of 
hydraulic behaviour (section 5.2) and treatment performance (section 5.3). As for the 
statistical analysis, the minimum, maximum, mean, and standard deviation are 
determined to evaluate the collected data. It should be noted that the mean and standard 
deviation of particular set of data is presented as mean ± standard deviation to simplify 
the presentation.  
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5.1. Preliminary experiment 
A 3-month preliminary experiment was carried out to determine the maturity of the 
newly-built pilot-scaled VFCW-based septage treatment system. Prior to the 
preliminary test, the wetland beds were acclimatized for two months to stimulate the 
development of active biomass. A layer of sludge deposit was formed, while the 
vegetation grew well. Figure 5.1 and Figure 5.2 demonstrate the wetland bed before 
and after acclimatization, respectively. 
The acclimatized bed was initially loaded according to solids loading rate (SLR), 
where the concentration of TSS was measured in-situ using Hach® DR2800 
spectrophotometer. The operation was designed with an SLR of 100 kg TSS m-2 yr-1. 
The raw septage contained an abundance of solids, organic matter, and nitrogen 
compounds, however, the concentration of dissolved oxygen (DO) was always low. 
The water quality parameters monitored in the preliminary test included electrical 
conductivity (EC), pH, DO, TSS, total nitrogen (TN), NH3-N and nitrate nitrogen 
(NO3
--N). Figure 5.3 shows the comparison between the samples of influent raw 
septage (left 1) and the effluent. The turbidity in the effluent demonstrated a significant 
reduction.  
Figure 5.4 - Figure 5.6 presents the overall performance of the two planted wetland 
beds (A1 and B1) and the unplanted wetland bed (C1). In general, the EC in the 
effluent remained the same or slightly increased from the influent. The variation 
between the planted and unplanted beds is insignificant. The high DO concentration 
in the effluent indicated that the VFCW aerated the influent well. Nevertheless, the 
insufficiently thick sludge accumulation in the first two tests resulted in a low DO 
concentration in the effluent. In the following runs, the hydraulic retention time was 
significantly extended due to the adequate sludge accumulation and subsequently the 
average DO concentration in the effluent rose to approximately 6 mg l-1. The presence 
of vegetation did not bring an impact to the DO in the effluent. This observation 
implies that the contribution of vegetation is minor to the oxygen transport. 
The comparisons between the influent and effluent concentrations show that the 
removal of TSS and COD widely distributed between 30 % and 95 %. It was found 
that the removal rates of these parameters are proportional to the sludge accumulation. 
The unplanted bed displayed a lower treatment efficiency compared to the planted bed 
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at the beginning stage, but the performance improved rapidly when the sludge deposit 
has accumulated to a certain thickness. Accordingly, the removal of TSS and COD 
improved to 95 % and 80 %, respectively. In addition, the clogging phenomenon due 
to the excessive sludge deposit was observed in the last few operation. 
 
Figure 5.1: The wetland bed before 
acclimatization 
 




Figure 5.3: Comparison between raw septage (left 1) and effluent 
. 
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Figure 5.4: Comparison of (a) electrical conductivity (EC), (b) dissolved oxygen 
(DO) and (c) total suspended solids (TSS) between influent and effluent. The 
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Figure 5.5: Comparison of (a) chemical oxygen demand (COD), (b) ammonia 
(NH3) and (c) nitrate (NO3-) between influent and effluent. The percentages in the 
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Figure 5.6: The comparison of total nitrogen (TN) between influent and effluent. 
The percentages in the diagram indicate the removal efficiency throughout the 
treatment. 
The treatment efficiency of nitrogenous constituents varied significantly. The 
experimental result shows that the reduction of NH3 was between 30 % and 50 %. This 
average was much lower than the previous study (Jong 2014). In addition, the 
unplanted bed was found to be poor in removing NH3-N.  This highlights the 
importance of vegetation upon nitrogen uptake and microbial development. The high 
concentration of NO3
--N in the effluent reflects that the pilot-scale VFCW is 
favourable for nitrification. Nevertheless, the relatively high concentration of NH3-N 
in the effluent implies that the efficiency of nitrification in the current system is still 
limited by the rapid percolation rate and high organic content. As the contribution of 
nitrite (NO2
--N) was negligibly small in the raw septage and effluent, the nitrogen 
balance between TN, NH3-N, and NO3
--N can be used to describe the content of 
organic nitrogen (Org-N). The excellent treatment of TN indicated that the majority of 
Org-N exists in the particulate form and they are removed instantaneously via surface 
filtration.  
In summary, the treatment of TSS and organic matter in the pilot-scale VFCW treating 
septage were excellent. Nitrification was observed throughout the preliminary test. 
These outcomes have demonstrated that the first stage wetland beds were ready to run 
the experiment. Furthermore, the influence of vegetation was found to be insignificant 
to the treatment of TSS and COD; however, it greatly affected the nitrogen removal 
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retention time of influent in the wetland bed. However, the excessive accumulation 
might reduce the infiltration capacity of the wetland bed and ultimately lead to 
clogging. A continuous sampling approach was further carried out in this study to 
merge the effect of hydraulic behaviour to the nitrogen dynamics, subsequently 
providing a better insight towards the performance of the VFCW-based septage 
treatment system.  
5.2. Hydraulic behaviour 
A total of twenty-five sets of data were collected from two vegetated first stage wetland 
beds in between November 2015 to February 2016. The complete results of effluent 
flux are presented in Appendix C. Since the system configuration, macrophytes 
condition, and operating regime of both beds were similar, the results were analysed 
and presented together. The experiments were run on the basis of “feed-and-drain”. 
The raw septage was loaded in batches with specific volumes, and the effluent was 
collected and measured for its quantity and quality. It should be noted that the 
maximum monitoring duration in this study is up to 12 hrs (600 mins) due to the 
instrumental limitation.  
Due to the limitation of a rapid and accurate method to identify the concentration of 
TS, the experiments were run according to the hydraulic loading rate (HLR). In this 
study, five HLRs were employed, which were 50 l d-1, 75 l d-1, 100 l d-1, 125 l d-1 and 
150 l d-1. As mentioned in section 5.1, the influence of the sludge thickness is vital to 
the hydraulic behaviour and treatment performance. In the entire experiment, the 
maximum and minimum sludge thicknesses were 12 cm and 3 cm, respectively. The 
thickness of the accumulated sludge appeared to be proportional to the total amount of 
solids loaded to the wetland bed. It was observed that the excessive accumulation of 
sludge deposit led to permanent ponding at the wetland surface. Therefore, the sludge 
layer was excavated to “recover” the infiltration capacity of the wetland bed, resulting 
in a decrease in the sludge thickness in the following cases (i.e. 14A to 16A, 15B to 
17B).  
Since the solids loading rate (SLR) has been recommended as the loading regime in 
the literature, the solids content, which is calculated from the hydraulic load (l) and TS 
concentration (mg l-1), is considered as a factor to the hydraulic behaviour. Due to the 
varying TS concentration in the raw septage, the solids load is highly dynamic, ranging 
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from 105 g to 2325 g while the average is 727.40 ± 590.73 g. Table 5.1 summarizes 
all the operating conditions.  
5.2.1. Water recovery 
In the first part of the analysis, the water recovery percentage is used as a simplified 
indicator of hydraulic productivity in the VFCW resulting from the system 
configuration, operation, and influent quality. The total volume of collected effluent 
and the calculated water recovery percentage are presented in Table 5.1. The mean 
water recovery was 58.78 %. The standard deviation of the water recovery was ± 
25.71 %, which revealed that it was highly variable throughout the experiment. The 
maximum and minimum percentage were observed in case 18A (24th January 2016) 
and case 13B (7th January 2016), respectively, where the highest percentage reached 
90.00 % on and the lowest was 9.72 %. Both cases were loaded with 125 l of influent, 
and the solids load with the maximum recovery was higher than the case with the 
lowest recovery. This outcome implied that neither hydraulic load nor solids load 
appeared to significantly impact the water recovery during treatment. On the other 
hand, the sludge thickness of the maximum water recovery was 4 cm, which was much 
thinner compared to the 9 cm in the minimum case.  
The associated water recovery percentage from the varying hydraulic loads, solids 
loads and sludge thicknesses are plotted in Figure 5.7, Figure 5.8 and Figure 5.9, 
respectively. These correlations further support the key role of the sludge deposit layer 
in the water recovery. Figure 5.7 and Figure 5.8 indicate that the recovery percentages 
were highly variable with regards to the hydraulic loads and solids load. Meanwhile, 
Figure 5.9 shows that the hydraulic performance was significantly influenced by the 
build-up of solid deposition, where the water recovery was inversely proportional to 
the sludge thickness. For those cases where the sludge thickness was more than 8 cm, 
the recovery percentage were generally below 25 %. The thick sludge deposit layer 
created a significant resistance against the infiltration capacity, which resulted in a 
slow effluent flux and decreased the efficiency of water recovery. 
5.2.2. Delay of flow occurrence 
Figure 5.10 illustrates the effluent fluxes for twenty-five operational runs. Figure 
5.11Figure 5.11 to Figure 5.13 present the three patterns of effluent flux development.  
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Table 5.1: Hydraulic loading rate (HLR), sludge thickness, solids loading rate 
(SLR), collected effluent and water recovery percentage of the experiment 
No. of test 
A = Wetland A 














1A 18/11/2015 75 5 3.40 255.00 63.81 85.08% 
2A 24/11/2015 75 5 10.60 795.00 60.41 80.55% 
3A 01/12/2015 75 6 4.80 360.00 53.94 71.92% 
4B 4/12/2015 75 7 1.40 105.00 64.40 85.87% 
5A 08/12/2015 75 7 -* -* 62.83 83.77% 
6A 12/12/2015 75 5 1.60 120.00 54.03 68.14% 
7B 13/12/2015 75 5 1.40 105.00 52.11 69.48% 
8A 16/12/2015 100 6 12.80 1280.00 73.41 73.41% 
9B 17/12/2015 100 5 4.60 460.00 70.10 70.10% 
10B 24/12/2015 100 12 10.70 1070.00 22.75 22.75% 
11A 27/12/2015 100 8 12.60 1260.00 47.34 46.94% 
12B 31/12/2015 125 7 9.50 1187.50 18.22 14.58% 
13B 7/1/2016 125 9 4.20 525.00 12.15 9.72% 
14A 10/01/2016 125 12 9.60 1200.00 13.81 11.04% 
15B 14/01/2016 50 10 24.00 1200.00 12.25 24.49% 
16A 21/01/2016 100 3 1.70 170.00 45.32 45.32% 
17B 21/01/2016 100 3 19.50 1950.00 47.59 47.59% 
18A 24/01/2016 125 3 2.20 275.00 112.50 90.00% 
19B 24/01/2016 125 4 2.70 337.50 110.76 88.61% 
20A 28/01/2016 150 3 3.20 480.00 122.06 81.37% 
21B 28/1/2016 150 4 1.50 225.00 53.31 35.67% 
22A 16/02/2016 50 3 7.80 390.00 31.24 62.48% 
23B 16/02/2016 50 4 8.90 445.00 33.12 67.43% 
24B 21/2/2016 125 5 18.60 2325.00 70.54 56.43% 





150 12 24.00 2325.00 122.06 90.00% 
50 3 1.40 105.00 12.15 9.72% 
95 5.88 8.00 718.96 54.27 58.78% 
30.62 2.64 6.46 597.23 29.81 25.92% 
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Figure 5.7: Water recovery percentage versus hydraulic load 
 
 
Figure 5.8: Water recovery percentage versus solids load 
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Since the VF_Sep assumed the direction of flow as positive upwards, the results of 
effluent fluxes are presented with a negative sign. Figure 5.11 presents the case of 
“typical flow”, where the discharge was smooth and unhindered. Its effluent flux 
reached the maximum rate immediately upon the observed start of discharge, and then 
followed by a gradual reduction. This pattern indicated that the peak effluent flux was 
generated by the largest head difference due to the maximum depth of ponding when 
the discharge started. Then, the continuous outflow reduced the head difference and 
decelerated the percolation rate throughout the wetland bed.  
Nevertheless, some cases demonstrated an acceleration of effluent flux after the 
discharge had occurred. The flow pattern showed a V-shaped development as 
displayed in Figure 5.12, which was due to the “bypass” phenomenon. During some 
experimental runs, the experimental site experienced a strong wind that mechanically 
created a number of flow paths due to the movement of reed stems. Accordingly, the 
infiltration rate was accelerated, subsequently creating a sudden rise in the volume of 
effluent.  
As for the “clogged” cases, the peak effluent flux was determined to be slower than 
the two previous cases, and it reduced to an insignificant rate within a short period as 
illustrated in Figure 5.13. The peak effluent flux in the “clogged” case was generally 
below 0.01 cm min-1.  
In a feeding-draining cycle, the discharge did not start immediately after loading. 
There was a delay between the time of loading and the start of discharge, and this 
duration can be taken as an indicator of the infiltration capacity of the wetland bed. 
Table 5.2 presents the delay of the flow occurrence in each case. The measured outflow 
dynamics were then compared to the hydraulic load, solids load and sludge thickness 
as shown in Figure 5.14, Figure 5.15 and Figure 5.16, respectively. The delay of flow 
varied within 3 to 70 minutes after loading, subsequently resulting in a high standard 
deviation (mean = 26.66 ± 20.66 minutes after loading). There was no direct link 
observed between the flow delay and the hydraulic load, solids load and sludge 
thickness. Therefore, the flow delay can be seen to be more sensitive to the systematic 
factor. 
In the hydraulic simulation, the time of flow occurrence was calibrated with respect to 
the initial condition of pore water pressure in the substrate. The value of initial 
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Figure 5.10: Twenty-five batches of effluent flux measured from the first stage 
treatment of a pilot-scale VFCW 
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Figure 5.12: "Bypass" case - V-shaped development of effluent flux (Case 9B) 
 
 
Figure 5.13: “Clogged” case - a low peak flux with rapid reduction (Case 13B) 
condition was calibrated from the pattern of effluent flow, which will be introduced in 
the next chapter. The inherent water pressure is a parameter to quantify the water 
content in a porous medium before loading. A lower water pressure indicates a lower 
residual water content in the substrate. This parameter is sensitive to the duration of 
resting.  
It should be noted that the fluid motion in the substrate is not only dominated by the 
gravity. The capillary effect is also significant as it might retain a certain amount of 
water in the pore spaces. Theoretically, a higher inherent water content within the 
gravel layer promotes the formation of water path under the unsaturated condition, and 
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Table 5.2: Hydraulic loading rate (HLR), sludge thickness, solids loading rate 
(SLR), flow occurring delay and peak flow of the experiments 
No. of test 
A = Wetland A 
















1A 18/11/2015 75 5 3.40 255.00 4.50 0.0262 
2A 24/11/2015 75 5 10.60 795.00 38.00 0.0134 
3A 01/12/2015 75 6 4.80 360.00 68.25 0.0149 
4B 4/12/2015 75 7 1.40 105.00 47.50 0.0261 
5A 08/12/2015 75 7 -* -* 3.00 0.0280 
6A 12/12/2015 75 5 1.60 120.00 6.55 0.0290 
7B 13/12/2015 75 5 1.40 105.00 21.75 0.0652 
8A 16/12/2015 100 6 12.80 1280.00 40.00 0.0425 
9B 17/12/2015 100 5 4.60 460.00 70.00 0.0187 
10B 24/12/2015 100 12 10.70 1070.00 50.00 0.0070 
11A 27/12/2015 100 8 12.60 1260.00 44.00 0.0166 
12B 31/12/2015 125 12 9.50 1187.50 48.50 0.0038 
13B 7/1/2016 125 9 4.20 525.00 35.00 0.0072 
14A 10/01/2016 125 12 9.60 1200.00 16.00 0.0027 
15B 14/01/2016 50 10 24.00 1200.00 13.00 0.0035 
16A 21/01/2016 100 3 1.70 170.00 5.00 0.0149 
17B 21/01/2016 100 3 19.50 1950.00 8.00 0.0120 
18A 24/01/2016 125 3 2.20 275.00 4.00 0.0314 
19B 24/01/2016 125 4 2.70 337.50 19.00 0.0455 
20A 28/01/2016 150 3 3.20 480.00 3.00 0.0727 
21B 28/1/2016 150 4 1.50 225.00 19.00 0.0222 
22A 16/02/2016 50 3 7.80 390.00 3.33 0.0344 
23B 16/02/2016 50 4 8.90 445.00 26.00 0.0155 
24B 21/2/2016 125 5 18.60 2325.00 18.50 0.0317 





150 12 24.00 2325.00 70.00 0.0727 
50 3 1.40 105.00 3.00 0.0027 
95 5.88 8.00 718.96 26.66 0.0256 
30.62 2.64 6.46 597.23 20.66 0.0189 
*experimental error 
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Figure 5.14: Flow occurring delay versus hydraulic load 
 
 
Figure 5.15: Flow occuring delay versus solids load 
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Although evaporation is incapable of reaching the deeper layer of the wetland bed, the 
root water uptake by the vegetation and the convection via the ventilation system 
potentially remove the water content in the substrate during the resting period. This 
can be visualized in the sludge deposit accumulated at the wetland surface. The sludge 
deposit right after the loading looked like slurry as shown in Figure 5.17 (left). At the 
late stage of loading, the ponding depth was generally low and the effluent flow was 
insignificant. Therefore, the dewatering through the drainage was assumed to be 
negligible. The high water content in the sludge deposit layer, which was mainly 
attributed to the capillary effect, is considered to be stagnant.  
During the resting period, evaporation extracted the water from the sludge deposit. The 
residual slurry was then dried and became a “mud-like” sludge deposit as displayed in 
Figure 5.17 (middle). This progression required approximately 1 – 2 days to form 
cracks on the top surface. However, the water content at this stage was still high. When 
the resting period was extended, the sludge deposit became a hard and fragile sludge 
cake. The water content was low at this stage and the cracks reached the gravel layer, 
which is shown in Figure 5.17 (right). Therefore, a longer resting period is helpful in 
preventing the substrate clogging (Tan et al. 2015).  
The progressive drying process of sludge deposit layer demonstrated a significant 
change in its hydraulic properties. The undesirable cracks potentially allowed the 
influent to bypass the layer and accelerate the effluent flow. Therefore, it is necessary 
to assume that the hydraulic properties of gravel are not affected by this kind of water  
   
Figure 5.17: (Left) The slurry with high water content accumulated on the surface 
of the wetland bed right after loading. (Center) Some cracks formed on the top 
surface of sludge deposit layer during resting period. (Right) The large cracks 
exposed the gravel layer after the extended resting period 
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loss throughout the resting period. On the other hand, the sludge layer was sensitive to 
this drying process and the formation of cracking should be considered in the analysis 
of hydraulic performance. It is generally accepted that the resting period is vital 
towards creating a permeable sludge layer to improve the hydraulic efficiency. 
5.2.3. Peak effluent flux 
According to Table 5.2, the peak effluent fluxes among twenty-five runs of the 
experiment were highly variable. Figure 5.18 and Figure 5.19 demonstrate that no 
significant trend is observed in the comparisons of flow intensity to the hydraulic load 
and solids load, respectively. Meanwhile, the peak effluent flux shows a dependency 
on the sludge thickness as shown in Figure 5.20.  
The low permeability of the sludge deposit layer acts as a flow regulator that controls 
the infiltration rate. The measured data revealed that the peak effluent fluxes were 
generally below 0.01 cm min-1 for the cases with sludge thickness exceeding 9 cm. 
Nevertheless, a thin sludge layer did not promise a high effluent flow rate, where the 
flow intensity was still affected by the hydraulic and solids load, as well as the 
condition of sludge layer.  
In the literature, the importance of hydraulic and solids load on pollutant removal has 
been highlighted (Torrens et al. 2009; Stefanakis and Tsihrintzis 2012). Theoretically, 
a high hydraulic load generates a greater head difference, and thus the associated 
effluent flow is accelerated (Richards 1931). On the other hand, high solids and 
organic load enhance the formation of a “clogging mat” that slows down the 
infiltration flow (Xu et al. 2013). However, these effects were concealed by the 
dominant parameter, which is the sludge thickness in this study.  
Although a low hydraulic and solids load has been recommended as the optimal 
loading regime to improve the effluent quality, it does result in a low productivity and 
is inefficient from the view of the operation. Winter and Goetz (2003) and Xu et al. 
(2013) indicated that a high hydraulic load with high solids and organic content in the 
influent significantly reduced the hydraulic capacity because of the rapid sludge 
accumulation. Therefore, although the influence of hydraulic and solids load do not 
reflect directly on the associated effluent flow, they are still important to the 
development of the sludge deposit layer and treatment performance in long-term 
operation.  
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Previous studies have revealed that the influence of vegetation is significant in CW 
system (Langergraber 2005; Gagnon et al. 2012). Stefanakis and Tsihrintzis (2011) 
claimed that evapotranspiration (ET) is the primary dewatering mechanism in reed 
beds treating sludge. Nevertheless, this outcome is invalid in this study, as the average 
water recovery from drainage is more than 50 %. Białowiec, Albuquerque, and 
Randerson (2014) indicated that a wetland bed planted with willow contributed ET 
ranging from 0.01 to 0.46 cm d-1 and the performance revealed a dependency on the 
maturity of the bed. On the other hand, Borin et al. (2011) suggested a range of ET 
rate up to 3.09 cm d-1 for the bed planted with Phragmites australis during summer 
(average temperature = 23.5˚C, relative humidity = 60.1 %). However, the proposed 
ET rate is only valid to the specific wetland configuration and surrounding 
environment, where the differences in the system such as the condition of surface layer 
and vegetation could alter the efficiency and thus these literature data may not be 
referred directly. As the wetland beds were operated at a feeding-draining cycle, the 
hydraulic retention time was relatively short and thus the influence of ET was limited. 
However, the current outcomes were insufficient to conclude that such an effect is 
negligible in the treatment, as this water loss could be vital during the resting period, 
especially for the drying of sludge deposit layer.   
The presence of vegetation such as common reeds in the wetland bed was promising 
in clogging prevention. The stem and the new shoot of vegetation could prevent the 
clogging in the sludge deposit layer, subsequently improving the overall hydraulic  
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Figure 5.19: Peak effluent flux versus solid load 
 
 
Figure 5.20: Peak effluent flux versus sludge thickness 
conductivity of the wetland beds. Figure 5.21 shows the cracks formed via the 
mechanical vibration of the reed stem caused by the strong wind, which allowed the 
influent to bypass the layer and caused a high effluent flux. It should be noted that the 
common reeds were transplanted to the gravel bed when their root systems has attained 
a fair level of development, and thus the root distribution did not influence the water 
balance and the hydraulic conductivity in the sludge deposit layer. However, the 
absence of vegetation does not prohibit the formation of cracks, which is as displayed 
in Figure 5.22. This drying progression tended to be dominated by environmental 
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In summary, the experimental outcomes showed the dominant role of the sludge 
deposit layer in the hydraulic behaviour of the pilot-scale VFCW designed for septage 
treatment. This observation agrees with the outcomes in Giraldi et al. (2009) and Molle 
(2014), where the accumulation of this low permeable layer drastically changed the 
hydraulic performance of the VFCW. Although the influence of hydraulic load and 
solids load were insignificant to the water recovery and effluent flow rate, they 
are crucial factors to the sludge accumulation and cannot be ignored in the long-term 
operation. The flow pattern in twenty-five set of measured data could be categorized 
into “typical flow”, “bypass”, and “clogged” cases, which characterized different 
hydraulic behaviour in the system. During the experimental runs, the effect of ET was 
limited due to the relatively short hydraulic retention time. However, this drying 
process could be vital during the resting period. As the excessive sludge accumulation 
was the main reason for clogging, such water loss dried the sludge deposit and caused 
cracks. This process increased the overall hydraulic conductivity and accelerated the 
effluent flow from the bed. The presence of vegetation ensured a better infiltration 
capacity of the wetland bed, however, the effect was not statistically quantified with 
the hydraulic efficiency in this study.  
 
Figure 5.21: Cracks formed via the 
mechanical vibration of the reed stem 
caused by the strong wind 
 
Figure 5.22: Cracks formed in the 
controlled bed during resting period 
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5.3. Treatment performance 
5.3.1. The quality of raw septage 
The raw septage used in this study was collected from the households near the Curtin 
University Malaysia Campus. The collected septage was screened and storedin two 
400-gallon storage tanks. The raw septage was screened again before entering the 
distribution tank to eliminate the gross solids that might damage the centrifugal pumps. 
The raw septage was homogenized mechanically during the feeding and was sampled 
from the distribution device and stored in a 300 ml Hach© disposable BOD bottle. 
Figure 5.23 shows the sample of raw septage, which displayed an extremely high 
turbidity. The quality of the twenty-five batches of raw septage is presented in Table 
5.3. It should be noted that the concentration of Org-N was estimated from the nitrogen 
balance between TN, NH4
+-N, and NO3-
-N, as the concentration of NO2
- -N is 
negligibly small. 
In general, the raw septage was slightly alkaline, ranging from 7.34 to 7.89. The mean 
pH was 7.58 ± 0.15, which was similar to the data in the literature as presented in 
Table 5.4. The oxygen content in the raw septage was extremely low, where only two 
samples had a DO concentration higher than 1 mg l-1. The DO content in raw septage 
was fluctuating throughout the experiments, and the mean concentration was 0.39 ± 
0.32 mg l-1. The temperature of the raw septage was 27.65 ± 1.33 ̊ C on average. These 
results revealed that the raw septage was slightly alkaline and typically anaerobic. 
 
Figure 5.23: Sample of raw septage. 
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The concentration of TS in twenty-four samples was highly variable, ranging from 
1,400 to 24,000 mg l-1, with only eight samples constituting TS of more than 10,000 
mg l-1. The mean concentration of TS was only 8,000 ± 6,465.96 mg l-1. This mean 
concentration was much lower compared to the data from the literature as shown in 
Table 5.4. Due to the lower TS concentration, the mean concentration of TCOD 
appeared to be low compared to the literature data. The maximum concentration of 
TCOD was only 8,606 mg l-1 and was much lower than the literature data. The mean 
concentration of TCOD was 3,847.79 ± 2,587.61 mg l-1.   
The concentration of TCOD was compared to the solids content, which is 
demonstrated in Figure 5.24. It shows a linear relation between organic matter and 
solids content in raw septage. The concentration of TCOD was about half of the TS 
concentration. Nevertheless, this study did not further include the analysis of the 
fraction of particulate to total COD in the raw septage, and thus it was impossible to 
quantify a factor to correlate the organic matter and the solids content. 
The nitrogenous constituents in the raw septage, including TN, NH4
+-N and NO3
--N, 
were highly variable between various batches of the collection. The concentration of 
TN varied from 44 mg l-1 to 371 mg l-1. The mean TN concentration from twenty-three 
samples was 165.97 ±  105.09 mg l-1, which was much lower compared to the 
concentration of total Kjeldahl nitrogen (TKN) in the literature. Figure 5.25 illustrates 
a linear relationship between the concentration of TN and TS, highlighting the 
contribution of solids content to the amount of nitrogen in raw septage. 
The concentrations of NH4
+-N ranged from 32 to 84 mg l-1 throughout the experiments, 
and the mean concentration was 52.06 ± 13.39 mg l-1. The lower standard deviation 
indicates that the amount of NH4
+-N was relatively consistent in the raw septage. 
However, this concentration was much lower compared to the literature data as stated 
in Table 5.4. Meanwhile, the range of NO3
--N concentration was between 2.63 to 28.50 
mg l-1 and the mean concentration was 9.40 ± 5.97 mg l-1, which was comparable to 
the literature data. As for the Org-N, there were two cases showing negative values 
since its concentration was estimated from the nitrogen balance among TN, NH4
+-N 
and NO3
--N. The minimum and maximum concentration of Org-N were 2.53 and 
307.27 mg l-1, respectively, while the mean concentration was 116.02 ± 99.48 mg l-1. 
Figure 5.26 shows that the total concentrations of NH4
+-N and NO3
--N were 
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Table 5.3: Quality of raw septage for twenty-five batches of treatment 
*experimental error 
**TN < NH4+-N + NO3--N 
 
No. of test 
A = Wetland A 


















1A 18/11/2015 7.39 0.35 26.90 3,400.00 1,383.00 51.00 54.90 10.20 -** 
2A 24/11/2015 7.34 0.25 26.80 10,600.00 4,578.00 176.00 47.00 10.00 119.00 
3A 01/12/2015 7.45 0.48 26.90 4,800.00 1,411.00 120.00 47.90 11.00 61.10 
4B 4/12/2015 7.61 0.26 28.70 1,400.00 1,019.00 80.00 44.50 7.75 27.80 
5A 08/12/2015 7.68 0.45 29.70 -* -* -* 41.80 14.10 -* 
6A 12/12/2015 7.59 1.46 29.60 1,600.00 1,583.00 44.00 35.20 17.40 -** 
7B 13/12/2015 7.41 0.30 30.90 1,400.00 997.00 78.00 36.40 28.50 13.10 
8A 16/12/2015 7.37 0.38 28.50 12,800.00 7,485.00 242.00 61.90 17.50 162.60 
9B 17/12/2015 7.47 0.72 26.70 4,600.00 4,203.00 150.00 49.10 9.54 91.40 
10B 24/12/2015 7.41 1.14 28.60 10,700.00 5,162.00 -* 74.50 2.75 -* 
11A 27/12/2015 7.53 0.05 24.10 12,600.00 8,606.00 203.00 84.00 2.69 116.30 
12B 31/12/2015 7.61 0.10 27.60 9,500.00 6,471.00 151.00 58.00 8.09 84.90 
13B 7/1/2016 7.72 0.68 29.00 4,200.00 2,698.00 125.00 74.30 8.97 41.70 
14A 10/01/2016 7.66 0.26 27.90 9,600.00 3,888.00 318.00 65.50 8.63 243.90 
15B 14/01/2016 7.55 0.19 27.80 24,000.00 7,753.00 368.00 58.10 2.63 307.30 
16A 21/01/2016 7.61 0.11 26.80 1,700.00 850.00 72.00 32.00 5.23 34.80 
17B 21/1/2016 7.46 0.25 26.70 19,500.00 6,846.00 335.00 35.60 8.66 290.70 
18A 24/01/2016 7.86 0.50 26.80 2,200.00 904.00 56.00 48.30 5.17 2.50 
19B 24/1/2016 7.89 0.35 27.30 2,700.00 1,162.00 99.00 48.40 5.44 45.20 
20A 28/01/2016 7.62 0.25 27.80 3,200.00 3,049.00 121.00 44.10 4.58 72.30 
21B 28/1/2016 7.66 0.22 27.30 1,500.00 1,162.00 49.00 40.50 4.21 4.30 
22A 16/02/2016 7.71 0.28 27.70 7,800.00 3,415.00 169.00 55.40 6.14 107.50 
23B 16/02/2016 7.68 0.24 26.70 8,900.00 4,232.00 161.00 60.10 8.78 92.10 
24B 21/2/2016 7.64 0.21 27.50 18,600.00 7,052.00 371.00 62.30 8.53 300.20 
25B 27/2/2016 7.47 0.18 26.90 14,700.00 6,438.00 278.00 41.80 18.40 217.80 
Max. 7.89 1.46 30.90 24,000.00 86,06.00 371.00 84.00 28.50 307.27 
Min. 7.34 0.05 24.10 1,400.00 850.00 44.00 32.00 2.63 2.53 
Mean 7.58 0.39 27.65 8,000.00 3,847.79 165.96 52.06 9.40 116.02 
Standard 
Deviation 
0.15 0.32 1.33 6,465.96 2,587.61 105.09 13.39 5.97 99.48 
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Koottatep et al. (2004) Thailand 7.50 15,350 15,700 1,100 415** 7 
Paing and Voisin 
(2005) 
France - 27,887* 32,954 1,142 - 13 
Cofie et al. (2006) Ghana 8.10 <20,000 <20,000 - <1000** - 
Kengne et al. (2009) Ghana 7.50 27,600* 31,100 1,100 600 - 
Troesch, Lienard, et 
al. (2009) 
France 7.30 33,675 46,255 1,546 308 - 
Vincent et al. (2011) France - 23,000* 42,000 1,423 287 - 
*measured as total suspended solids 
**measured as NH3-N 
 
Figure 5.24: TCOD concentration versus TS concentration 
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Figure 5.26: TN concentration versus NH4+-N + NO3--N concentration 
considerably consistent with regards to the varying TN concentration. The 
concentration ranged from 40 to 80 mg l-1 for twenty-three samples. On the other hand, 
the linear regression line presented in Figure 5.27 indicates the dependency of Org-N 
on the concentration of TN. As mentioned previously, this study excluded the 
extraction of solid constituents, and thus the portion of particulate and dissolved 
organic components was unable to be evaluated. In Figure 5.28, a relationship was 
observed between the concentration of Org-N and TS, indicating that the majority of 
Org-N existed in particulate form. However, the comparison between the TCOD and 
Org-N as illustrated in Figure 5.29 shows no significant relationship, and the ratio of 
Org-N/TCOD varied from 0.28 % to 6.27 %. The low fraction showed the minor 
portion of Org-N in the overall organic matter. As a result, it can be concluded that 
that the concentration of dissolved nitrogenous constituents in raw septage, which 
mainly existed in the form of NH4
+-N and NO3
--N, were relatively consistent and 
independent from the concentration of TN and TS. Meanwhile, the Org-N, which 
mainly existed in particulate form, potentially dominated the nitrogen sources in the 
raw septage when the solids content was high. 
5.3.2. Overall analysis of effluent quality  
The pilot-scale, two-stage VFCW has been proven to provide a reliable efficiency on 
solids, organic matter, and ammonia removals. Nevertheless, the analysis of the 
removal efficiency remained at a “black-box” approach, where the treatment 
performance was evaluated based on the total mass removal rate from the influent 
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Figure 5.27: TN concentration versus Org-N concentration 
 
 
Figure 5.28: TS concentration versus Org-N concentration 
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methodology to quantify the treatment efficiency with respect to varying influent 
quality; however, the lack of information with regards to the correlation between the 
dynamics of outflow and the concentration of contaminants potentially overestimated 
the treatment performance.  
In order to provide a more reliable analysis on the impact of hydraulic behaviour, a 
continuous sampling method was carried out to simultaneously measure the quantity 
and quality of effluent. Accordingly, the relationship between the hydraulic and 
treatment efficiency could be subsequently used for the numerical modelling or 
optimization of operation. The complete results of effluent quality are presented in 
Appendix C. Figure 5.30 shows an example of the sample collection, where the 
effluent demonstrated a gradient of cleanliness with regards to time. Twenty -five sets 
of data have been collected with regard to the varying hydraulic load, and the quality 
parameters measured included DO, pH, temperature, TS, TCOD, TN, NH4
+-N and 
NO3
--N. It should be noted that the concentration of TS, TCOD and TN were not 
tracked in detail due to the time constraint. 
5.3.2.1. Dissolved oxygen (DO) 
Figure 5.31 demonstrates the temporal concentration of effluent for twenty-five 
loading events. Compared to the anoxic influent, the effluent was significantly aerated 
and the DO concentrations were mostly within the range of 5.00 to 7.00 mg l-1. The 
maximum DO concentration in the effluent could reach up to 7.50 mg l-1. This value 
was close to the saturated DO concentration in the water under 25˚C (8.30 mg l-1 as 
stated in American Public Health et al. (1915)). 
 
Figure 5.30: The samples of effluent showed a gradient of cleanliness with regards 
to time (Case 3A) 
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 5 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage     Laboratory Experimental Results 




Figure 5.31: Temporal plots of DO concentration in the effluent for twenty-five 
batches of treatment 
According to a study about the oxygen transport in a down-flow VFCW (Fuchs 2009), 
the unsaturated condition in the substrate ensured a sufficient aeration capacity to meet 
the oxygen demand for biodegradation. The high DO concentration measured in the 
effluent highlights the great oxygen restoration in the pilot plant. Nevertheless, the DO 
concentration in the early effluent of case 20A and 22A were relatively low (below 
4.00 mg l-1). This phenomenon was attributed to the rapid infiltration rate caused by 
the thin sludge deposit layer, which was 3 cm in both cases. The thin sludge layer led 
to insufficient retention time for aeration. This correlation will be further discussed in 
section 5.3.3. 
5.3.2.2. pH 
The dynamics of pH in the effluent is stable in the entire experiment. The average pH 
in the influent was 7.58 ± 0.15, and Figure 5.32 shows that the pH in the effluent 
ranged between 7.50 and 8.30. The rise of pH is attributed to the biodegradation in the 
wetland bed, where the nitrification consumes the alkalinity in the process. The 
relationship between pH and outflow dynamics is insignificant.  
5.3.2.3. Temperature  
The temperature of the effluent was greatly affected by the surrounding environment. 
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Figure 5.33: Temporal plots of temperature in the effluent for twenty-five batches 
of treatment 
minutes from loading as illustrated in Figure 5.33. It was because the loading typically 
started at 7.00 am and the temperature reached the maximum at approximately 10.00 
am – 12.00 pm. Then, the sunlight imposed on the wetland bed gradually reduced after 
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temperature of the effluent was observed with a decline. The temporal temperatures 
widely distributed between 26˚C and 35˚C and the influence of outflow dynamics is 
insignificant. This range of temperature is favourable for bioactivity, where the 
optimum temperature is between 25˚C and 35˚C as stated in Water Environment 
Federation, Federation, and Institute (2005).  
5.3.2.4. Total solids (TS) 
As mentioned previously, the TS in the effluent was not completely tracked as the 
parameters above. The lack of data resulted in a poor resolution in the temporal plots 
as demonstrated in Figure 5.34. There was no general trend observed in the entire 
experiment. Nevertheless, Figure 5.30 shows that the turbidity of the effluent sample 
gradually reduced due to a reduction in the solids content. It should be noted that this 
phenomenon was only applied to the case with “typical flow” pattern. As for the 
“bypass” case, the turbidity was always fluctuating, which is displayed in Figure 5.35. 
The overall removal of TS in the pilot plant is promising, where the TS concentration 
in the effluent was reduced to under 3,500 mg l-1 from the mean influent concentration 
of 8,000 mg l-1. The main mechanism to remove TS in the VFCW is the physical 
filtration at the wetland surface. The excellent performance of the proposed system 
indicates that the sand layer is unnecessary to enhance the efficiency of filtration. The 
 
Figure 5.34: Temporal plots of TS concentration in the effluent for twenty-four 
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Figure 5.35: Samples of effluent for case 13B (7th January 2016 – clogging) 
natural formation of sludge deposit layer at the wetland surface is capable of delivering 
a substantial removal for TS. 
Table 5.5 summarizes the removal efficiency of TS. The average removal rate of TS 
was 77.74 ± 15.95 %. There were only four cases showing removal efficiency less 
than 60%, highlighting the great ability of TS removal in the proposed system. 
Nevertheless, the average removal rate was lower than the data from the literature, 
where the efficiency could reach up to 80 – 90 % (Lienard and Payrastre 1996; 
Koottatep et al. 2001; Paing and Voisin 2005; Kengne et al. 2008; Troesch, Lienard, 
et al. 2009; Jong and Tang 2013). There was no direct correlation between the 
hydraulic efficiency and TS removal; however, a higher solids load tends to result in 
a higher TS removal rate as demonstrated in Figure 5.36.  
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Table 5.5: Removal efficiency of TS 
 
No. of test 
A = Wetland A 


















1A 18/11/2015 75 5 255 85.08% 0.026182 70.07% 
2A 24/11/2015 75 5 795 80.55% 0.013394 90.51% 
3A 01/12/2015 75 6 360 71.92% 0.014909 71.80% 
4B 4/12/2015 75 7 105 85.87% 0.026076 72.82% 
5A 08/12/2015 75 7 -* 83.77% 0.027955 -* 
6A 12/12/2015 75 5 120 68.14% 0.029045 71.06% 
7B 13/12/2015 75 5 105 69.48% 0.065182 46.97% 
8A 16/12/2015 100 6 1280 73.41% 0.042455 89.49% 
9B 17/12/2015 100 5 460 70.10% 0.018667 76.32% 
10B 24/12/2015 100 12 1070 22.75% 0.006955 88.89% 
11A 27/12/2015 100 8 1260 47.34% 0.016591 85.09% 
12B 31/12/2015 125 12 1187.5 14.58% 0.003833 97.33% 
13B 7/1/2016 125 9 525 9.72% 0.007227 69.05% 
14A 10/01/2016 125 12 1200 11.04% 0.002682 86.18% 
15B 14/01/2016 50 10 1200 24.49% 0.003455 91.57% 
16A 21/01/2016 100 3 170 45.32% 0.014864 38.33% 
17B 21/1/2016 100 3 1950 47.59% 0.011975 95.13% 
18A 24/01/2016 125 3 275 90.00% 0.031383 61.04% 
19B 24/1/2016 125 4 337.5 88.61% 0.045455 75.47% 
20A 28/01/2016 150 3 480 81.37% 0.072727 70.72% 
21B 28/1/2016 150 4 225 42.44% 0.022182 53.26% 
22A 16/02/2016 50 3 390 62.48% 0.034364 87.76% 
23B 16/02/2016 50 4 445 67.43% 0.015545 89.94% 
24B 21/2/2016 125 5 2325 56.43% 0.031667 94.48% 
25B 27/2/2016 50 6 735 76.77% 0.056000 92.49% 
Max. 150 12 2325 90.00% 0.072727 97.33% 
Min. 50 3 105 9.72% 0.002682 38.33% 
Average 95 5.88 718.96 59.07% 0.025631 77.74% 
Standard Deviation 30.62 2.64 597.23 25.70% 0.018859 15.95% 
*experimental error 
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5.3.2.5. Total chemical oxygen demand (TCOD) 
Figure 5.37 shows that the concentration of TCOD in the effluent reduced gradually. 
Compared to the average concentration of influent (3,847.49 ± 2,587.61 mg l-1), the 
removal of TCOD is impressive as most of the concentrations remained below 800 mg 
l-1 in the effluent. Table 5.6 indicates that the average TCOD removal could reach up 
to 89.11 ± 9.10 % and it was comparable to the literature data (Lienard and Payrastre 
1996; Koottatep et al. 2001; Paing and Voisin 2005; Kengne et al. 2008; Troesch, 
Lienard, et al. 2009; Jong and Tang 2013). There were only three cases demonstrating 
a removal efficiency below 80 %, and thus the removal of TCOD was considered to 
be more consistent than the removal of TS.  
The concentrations of TCOD in the effluent showed a dependency on the TS 
concentration. Therefore, the substantial removal of TCOD could be attributed to the 
physical filtration. The residual biodegradable organic matter was then decayed by the 
hydrolysis process and was ultimately consumed by the heterotrophs. The aerobic 
condition in the VFCW is favourable for the removal of organic matter (Vymazal 
2010a). The consistent removal of TCOD showed no dependency on the system 
configuration and operating regime. Nevertheless, the concentration of TCOD in the 
effluent showed a similar trend with the typical outflow dynamics. A slower  
 
Figure 5.37: Temporal plots of TCOD concentration in the effluent for twenty-
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Table 5.6: Removal efficiency of TCOD 
 
No. of test 
A = Wetland A 


















1A 18/11/2015 75 5 255 85.08% 0.026182 69.85% 
2A 24/11/2015 75 5 795 80.55% 0.013394 93.19% 
3A 01/12/2015 75 6 360 71.92% 0.014909 77.45% 
4B 4/12/2015 75 7 105 85.87% 0.026076 84.11% 
5A 08/12/2015 75 7 -* 83.77% 0.027955 -* 
6A 12/12/2015 75 5 120 68.14% 0.029045 90.04% 
7B 13/12/2015 75 5 105 69.48% 0.065182 83.56% 
8A 16/12/2015 100 6 1280 73.41% 0.042455 93.16% 
9B 17/12/2015 100 5 460 70.10% 0.018667 98.89% 
10B 24/12/2015 100 12 1070 22.75% 0.006955 97.90% 
11A 27/12/2015 100 8 1260 47.34% 0.016591 93.61% 
12B 31/12/2015 125 12 1187.5 14.58% 0.003833 99.30% 
13B 7/1/2016 125 9 525 9.72% 0.007227 95.96% 
14A 10/01/2016 125 12 1200 11.04% 0.002682 97.91% 
15B 14/01/2016 50 10 1200 24.49% 0.003455 95.48% 
16A 21/01/2016 100 3 170 45.32% 0.014864 65.55% 
17B 21/1/2016 100 3 1950 47.59% 0.011975 96.41% 
18A 24/01/2016 125 3 275 90.00% 0.031383 81.44% 
19B 24/1/2016 125 4 337.5 88.61% 0.045455 84.49% 
20A 28/01/2016 150 3 480 81.37% 0.072727 87.73% 
21B 28/1/2016 150 4 225 42.44% 0.022182 80.59% 
22A 16/02/2016 50 3 390 62.48% 0.034364 89.18% 
23B 16/02/2016 50 4 445 67.43% 0.015545 95.83% 
24B 21/2/2016 125 5 2325 56.43% 0.031667 94.00% 
25B 27/2/2016 50 6 735 76.77% 0.056000 92.96% 
Max. 150 12 2325 90.00% 0.072727 99.30%  
Min. 50 3 105 9.72% 0.002682 65.55%  
Average 95 5.88 718.96 59.07% 0.025631 89.11%  
Standard Deviation 30.62 2.64 597.23 25.70% 0.018859 9.10%  
*experimental error 
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percolation in the wetland bed was positive to the treatment process as it extended the 
retention time of influent in the wetland bed. 
5.3.2.6. Nitrogen dynamics 
The nitrogen dynamics in the pilot-scale VFCW was a complex cycle. The nitrogenous 
constituents mainly existed in the form of Org-N, NH4
+-N and NO3
-- N, and the 
concentration of NO2
-- N was negligibly low throughout the experiment. Figure 5.38 
illustrates the temporal concentration of TN in the effluent for twenty-four sets of 
loading event. Table 5.7 presents the treatment efficiency of the TN. The concentration 
of TN were highly dynamic in the effluent and an average removal efficiency of 68.81 
± 16.45 % was achieved. It should be noted that the TN concentration in the effluent 
was always less than the summation of the concentration of NH4
+-N and NO3
-- N, and 
thus the temporal concentration of Org-N was unable to be identified in this part of 
analysis. The TN removal rate compared to the treatment efficiency of TKN. As the 
literature indicated that the removal of TKN generally exceeded 80% (Lienard and 
Payrastre 1996; Koottatep et al. 2001; Paing and Voisin 2005; Kengne et al. 2008; 
Troesch, Lienard, et al. 2009), the removal of TN in the proposed system was 
underperforming. However, it should be noted that the contribution of NO3
-- N was 
significant in the effluent, implying that the removal efficiency of TN was generally 
lower than TKN.  
 
Figure 5.38: Temporal plots of TN concentration in the effluent for twenty-four 
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Table 5.7: Removal efficiency of TN 
 
No. of test 
A = Wetland A 



















1A 18/11/2015 75 5 255 85.08% 0.026182 41.70% 
2A 24/11/2015 75 5 795 80.55% 0.013394 77.17% 
3A 01/12/2015 75 6 360 71.92% 0.014909 73.41% 
4B 4/12/2015 75 7 105 85.87% 0.026076 71.59% 
5A 08/12/2015 75 7 -* 83.77% 0.027955 -* 
6A 12/12/2015 75 5 120 68.14% 0.029045 79.55% 
7B 13/12/2015 75 5 105 69.48% 0.065182 63.95% 
8A 16/12/2015 100 6 1280 73.41% 0.042455 77.35% 
9B 17/12/2015 100 5 460 70.10% 0.018667 96.37% 
10B 24/12/2015 100 12 1070 22.75% 0.006955 - 
11A 27/12/2015 100 8 1260 47.34% 0.016591 77.17% 
12B 31/12/2015 125 12 1187.5 14.58% 0.003833 76.57% 
13B 7/1/2016 125 9 525 9.72% 0.007227 69.06% 
14A 10/01/2016 125 12 1200 11.04% 0.002682 82.13% 
15B 14/01/2016 50 10 1200 24.49% 0.003455 77.87% 
16A 21/01/2016 100 3 170 45.32% 0.014864 43.10% 
17B 21/1/2016 100 3 1950 47.59% 0.011975 89.96% 
18A 24/01/2016 125 3 275 90.00% 0.031383 31.99% 
19B 24/1/2016 125 4 337.5 88.61% 0.045455 58.95% 
20A 28/01/2016 150 3 480 81.37% 0.072727 68.73% 
21B 28/1/2016 150 4 225 42.44% 0.022182 55.94% 
22A 16/02/2016 50 3 390 62.48% 0.034364 42.72% 
23B 16/02/2016 50 4 445 67.43% 0.015545 67.25% 
24B 21/2/2016 125 5 2325 56.43% 0.031667 84.56% 
25B 27/2/2016 50 6 735 76.77% 0.056000 76.77% 
Max. 150 12 2325 90.00% 0.072727 96.37% 
Min. 50 3 105 9.72% 0.002682 31.99% 
Average 95 5.88 718.96 59.07% 0.025631 68.81% 
Standard Deviation 30.62 2.64 597.23 25.70% 0.018859 16.45% 
*experimental error 
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To have a better understanding with regards to the nitrogen dynamics in the proposed 
VFCW, the analysis of the overall nitrogen removal has to be split into specific 
constituents, which include NH4
+-N and NO3
--N. The average NH4
+-N concentration 
in the influent was 52.06 ± 13.39 mg l-1, while the concentration in the effluent was 
reduced to 50 mg l-1. Figure 5.39 displays that the concentration of NH4
+-N in the 
effluent distributed between 0.93 mg l-1 and 70.00 mg l-1. Typically, the concentration 
of NH4
+-N rapidly rose at the early phase. Then, it was followed by a gradual reduction.  
Table 5.8 shows that thirteen cases were obtained with removal efficiency below 50 % 
and the average removal efficiency was only 48.86 ± 21.37%. The removal efficiency 
was comparable to the performance observed by Lienard and Payrastre (1996) and 
Troesch, Lienard, et al. (2009), but it was significantly lower than Koottatep et al. 
(2004), Kengne et al. (2009) and Jong and Tang (2013). The dynamics of NH4
+-N and 
removal efficiency revealed that the proposed system is still incapable of delivering a 
consistent and effective treatment upon NH4
+-N. 
In the VFCW, the removal of NH4
+-N is dependent on the nitrification and adsorption. 
As the nitrification is a biochemical mechanism, it is sensitive to the percolation rate 
through the substrate. The same concept can be applied to the adsorption, which is a 
surface-based process that occurs when the contaminants passing by the available 
adsorbent site. Figure 5.40 illustrates a dependency of NH4
+-N removal on peak  
 
Figure 5.39: Temporal plots of NH4+-N concentration in the effluent for twenty-
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Table 5.8: Removal efficiency of NH4+-N 
 
No. of test 
A = Wetland A 



















1A 18/11/2015 75 5 255 85.08% 0.026182 50.51% 
2A 24/11/2015 75 5 795 80.55% 0.013394 58.09% 
3A 01/12/2015 75 6 360 71.92% 0.014909 49.70% 
4B 4/12/2015 75 7 105 85.87% 0.026076 67.36% 
5A 08/12/2015 75 7 -* 83.77% 0.027955 37.55% 
6A 12/12/2015 75 5 120 68.14% 0.029045 23.70% 
7B 13/12/2015 75 5 105 69.48% 0.065182 25.52% 
8A 16/12/2015 100 6 1280 73.41% 0.042455 19.56% 
9B 17/12/2015 100 5 460 70.10% 0.018667 47.08% 
10B 24/12/2015 100 12 1070 22.75% 0.006955 81.70% 
11A 27/12/2015 100 8 1260 47.34% 0.016591 38.40% 
12B 31/12/2015 125 12 1187.5 14.58% 0.003833 96.51% 
13B 7/1/2016 125 9 525 9.72% 0.007227 76.94% 
14A 10/01/2016 125 12 1200 11.04% 0.002682 79.36% 
15B 14/01/2016 50 10 1200 24.49% 0.003455 57.73% 
16A 21/01/2016 100 3 170 45.32% 0.014864 46.50% 
17B 21/1/2016 100 3 1950 47.59% 0.011975 66.41% 
18A 24/01/2016 125 3 275 90.00% 0.031383 36.86% 
19B 24/1/2016 125 4 337.5 88.61% 0.045455 36.29% 
20A 28/01/2016 150 3 480 81.37% 0.072727 24.09% 
21B 28/1/2016 150 4 225 42.44% 0.022182 55.11% 
22A 16/02/2016 50 3 390 62.48% 0.034364 33.95% 
23B 16/02/2016 50 4 445 67.43% 0.015545 67.55% 
24B 21/2/2016 125 5 2325 56.43% 0.031667 35.51% 
25B 27/2/2016 50 6 735 76.77% 0.056000 9.53% 
Max. 150 12 2325 90.00% 0.072727 96.51% 
Min. 50 3 105 9.72% 0.002682 9.53% 
Average 95 5.88 718.96 59.07% 0.025631 48.86% 
Standard Deviation 30.62 2.64 597.23 25.70% 0.018859 21.37% 
*experimental error 
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Figure 5.40: Peak effluent flux versus removal efficiency of NH4+-N 
effluent flux. A rapid effluent flow typically led to a poor treatment performance. For 
those cases with peak effluent above 0.03 cm min-1, the removal efficiencies of NH4
+-
N were always below 40 %. 
The last concern in NH4
+-N dynamics is the ammonification process. According to the 
influent quality, the fraction of Org-N was high in TN. The breakdown of Org-N 
potentially increased the concentration of NH4
+-N. Nevertheless, the degradable and 
inert Org-N was not determined, and thus the ammonification rate was unable to be 
quantified in this study. However, this could be partially visualized by a further 
analysis of the balance between NH4
+-N and NO3
--N throughout the experiment. 
In general, the concentration of NO3
--N in the effluent was inversely proportional to 
the concentration of NH4
+-N. A rise of NH4
+-N was generally accompanied by a drop 
of NO3
--N. The concentration of NO3
--N declined at the early phase of effluent, and it 
only increased when the effluent flow started to decelerate as described in Figure 5.41. 
The high concentration in the effluent at the beginning of discharge is believed to be 
the NO3
--N retained in the substrate before loading, and flushed out during the next 
draining. The concentration of NO3
--N significantly increased from the average 
influent concentration of 9.40 ± 5.97 mg l-1 to at least 10 mg l-1at the late stage of 
effluent. In addition to the source from influent, the rise of NO3
--N was attributed to 
the nitrification of NH4
+-N. This finding was supported by the drop of NH4
+-N as 
shown in Figure 5.41. As a result, NO3
--N was greatly affected by the outflow 
dynamics. There was only a case measured with a removal of NO3
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Figure 5.41: Temporal plots of NO3--N concentration in the effluent for twenty-
five batches of treatment 
the high DO concentration in the effluent indicated that the pilot-scale VFCW was 
unfavourable for the anoxic denitrification.  
To have a better overview for the relation between NH4
+-N and NO3
--N, the dynamics 
of the combined concentration were evaluated. Figure 5.42 shows that the dynamics 
of NH4
+-N and NO3
--N were relatively stable, indicating that the ultimate removal of  
 
Figure 5.42: Temporal plots of NH4+-N + NO3--N in the effluent for twenty-five 
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Table 5.9: Removal efficiency of NH4+-N + NO3--N 
 
No. of Test 
A = Wetland A 




















1A 18/11/2015 75 5 255 85.08% 0.026182 37.72% 
2A 24/11/2015 75 5 795 80.55% 0.013394 18.59% 
3A 01/12/2015 75 6 360 71.92% 0.014909 11.05% 
4B 4/12/2015 75 7 105 85.87% 0.026076 3.81% 
5A 08/12/2015 75 7 -* 83.77% 0.027955 -1.37% 
6A 12/12/2015 75 5 120 68.14% 0.029045 -42.27% 
7B 13/12/2015 75 5 105 69.48% 0.065182 -15.31% 
8A 16/12/2015 100 6 1280 73.41% 0.042455 -0.14% 
9B 17/12/2015 100 5 460 70.10% 0.018667 -61.56% 
10B 24/12/2015 100 12 1070 22.75% 0.006955 53.47% 
11A 27/12/2015 100 8 1260 47.34% 0.016591 31.92% 
12B 31/12/2015 125 12 1187.5 14.58% 0.003833 27.85% 
13B 7/1/2016 125 9 525 9.72% 0.007227 50.44% 
14A 10/01/2016 125 12 1200 11.04% 0.002682 49.18% 
15B 14/01/2016 50 10 1200 24.49% 0.003455 32.26% 
16A 21/01/2016 100 3 170 45.32% 0.014864 -2.21% 
17B 21/1/2016 100 3 1950 47.59% 0.011975 12.53% 
18A 24/01/2016 125 3 275 90.00% 0.031383 13.82% 
19B 24/1/2016 125 4 337.5 88.61% 0.045455 20.50% 
20A 28/01/2016 150 3 480 81.37% 0.072727 17.85% 
21B 28/1/2016 150 4 225 42.44% 0.022182 18.67% 
22A 16/02/2016 50 3 390 62.48% 0.034364 15.45% 
23B 16/02/2016 50 4 445 67.43% 0.015545 14.70% 
24B 21/2/2016 125 5 2325 56.43% 0.031667 18.36% 
25B 27/2/2016 50 6 735 76.77% 0.056000 20.59% 
Max. 150 12 2325 90.00% 0.072727 53.47% 
Min. 50 3 105 9.72% 0.002682 -61.56% 
Average 95 5.88 718.96 59.07% 0.025631 13.84% 
Standard Deviation 30.62 2.64 597.23 25.70% 0.018859 25.49% 
*experimental error 
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nitrogen was still limited by the absence of denitrification in the pilot-scale system.  
Based on the overall removal efficiency presented in Table 5.9, only six cases show a 
removal efficiency above 30 % and five cases were measured with increment. By 
neglecting the cases with increasing effluent concentrations, the average removal 
efficiency of combined NH4
+-N and NO3
--N was only 24.67 ± 13.86 %. All of these 
outcomes indicated that the current system configuration and operating regime were 
insufficiently effective to treat the dissolved nitrogenous constituents. Therefore, the 
majority of TN removal was attributed to the filtration of particulate Org-N. 
Furthermore, the rise of the combined concentration of NH4
+-N and NO3
--N showed 
that the ammonification of Org-N potentially recharged the amount of NH4
+-N 
throughout the treatment.  
In summary, the nitrogen dynamics in the pilot-scale VFCW designed for septage 
treatment was highly inconsistent. The overall treatment performance of TN was 
promising, which achieved an average removal efficiency of 68 %. Nevertheless, the 
average removal efficiency of NH4
+-N was below 50 %. In addition, the increase of 
NO3
--N in the effluent reflected that the pilot plant was incapable of delivering a 
complete removal pathway for the nitrogen. In the pilot-scale VFCW, ammonification 
and nitrification were the major biochemical mechanisms; however, denitrification 
was less likely to occur due to the dominant aerobic condition. The physical filtration 
of particulate Org-N at the wetland surface contributed remarkable nitrogen removal. 
The proposed system is necessary to be adapted with a secondary treatment, 
particularly an anoxic system to enhance the treatment of excessive NO3
--N. Both the 
dynamics of NH4
+-N and NO3
--N exhibited a dependency on the hydraulic behaviour.  
5.3.3. The correlation between hydraulic behaviour and nitrogen dynamic  
In last section, the temporal plots of TS, TCOD, TN, NH4
+-N and NO3
-- N revealed 
that the hydraulic behaviour plays a key role in the treatment performance of the pilot-
scale VFCW designed for septage treatment. However, its influence was only briefly 
explained since the analysis was hindered by the varying influent quality and operating 
condition. Therefore, case 22A and 23B, which were loaded with the same volume of 
septage under the same condition, were evaluated to highlight the correlation between 
outflow dynamics and treatment performance.  
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5.3.3.1. A direct comparison between 22A (Wetland A) versus 23 B (Wetland B) 
Table 5.10 summarizes the initial thickness of sludge deposit and the influent quality 
of case 22A (Wetland A) and case 23B (Wetland B). The pH and the concentration of 
DO and TN of two cases were similar. The TS, NH4
+-N, NO3
--N and COD were 
slightly higher in the Wetland B. Except for the thickness of sludge, both cases 
characterized the same substrate profile and were loaded with 50 l (4.45 cm) of raw 
septage at the same time. Figure 5.43 displays the effluent collected in wetland A and 
wetland B, respectively. The sample collected from both cases showed a similar trend 
in colour change. The effluent contained high particulate constituents at the early phase. 
Then, the effluent gradually turned clear with the time. At the late phase, the effluent 
from wetland A was clearer than the effluent from wetland B.  
The effluent flow rate and the cumulative flow of both beds are illustrated in Figure 
5.44. Due to the thinner deposit layer in bed A, the effluent was instantaneously 
collected after feeding. Then, the effluent flux demonstrated a rapid drop and stabilized 
at a slow rate at 150 minutes after feeding. As for the wetland B, the effluent was only 
observed at half an hour after feeding. The effluent flux remained constant for about 
150 minutes. After that, the effluent flux gradually decelerated and became 
insignificant at 400th minutes after feeding. Table 5.11 summarizes the hydraulic 
performance of both beds. The maximum effluent flux of wetland A and wetland B 
were 0.034 cm min-1 and 0.016 cm min-1, respectively. Although both cases 
demonstrated different patterns of effluent flow, the overall recoveries of water were 
similar. Wetland A obtained a water recovery of 62.48 % and wetland B recovered 
67.43 % of influent. 
 














 (mg l-1) 
COD  
(mg l-1) 
Wetland A 3 7.71 0.28 55.40 6.14 169.00 7800.00 3415.00 
Wetland B 4 7.68 0.24 60.10 8.78 161.00 8900.00 4232.00 
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Figure 5.43: (Top) Effluent samples collected in 22A (Wetland A) (Bottom) 
Effluent samples collected in 23B (Wetland B) 
 
 
Figure 5.44: Effluent flux and cumulative effluent 
 










TN TS TCOD 
Wetland A 62.48% 0.034 33.95% 15.45% 42.72% 87.76% 89.18% 
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Figure 5.45 illustrates the relation between DO concentration and effluent flux. In 
wetland A, the rapid flow at the early phase resulted in a low oxygen content. Then, 
the DO gradually increased and remained approximately 6 mg l-1 until the end of the 
experiment. This observation indicated that the influence of the percolation rate was 
vital to the aeration efficiency in the VFCW. An adequate retention time was 
compulsory to effectively dissolve the gaseous oxygen retained in the pores of the 
substrate. As the effluent flow in wetland B was slower and more consistent, the DO 
concentrations were above 5 mg l-1 throughout the collection. 
Figure 5.46 shows that the pH dynamic has no remarkable dependency on the 
hydraulic behaviour. The overall pH in the effluent from wetland A was higher than 
wetland B. Since there was no external alkaline or chemical added during the operation, 
the variation of pH was expected to be the result of biochemical reactions. As 
mentioned in section 2.5.1, the alkalinity is an essential component in the nitrification. 
The better removal of NH4
+-N in wetland B implied that the lower pH was probably 
because of the higher consumption of alkalinity by nitrification. 
Both wetlands demonstrated excellent treatment performance to TS and TCOD, where 
the removal rates were generally higher than 85 %. Figure 5.47 and Figure 5.48 
illustrate that the concentrations of TS and TCOD in the effluent showed similar trends 
with the outflow dynamics. A more rapid effluent flux was observed with a higher 
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Figure 5.46: Relation between pH and outflow dynamics 
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Figure 5.48: Relation between TCOD and outflow dynamics 
concentration in the effluent. The treatment efficiency of TS and TCOD reflected that 
the slower percolation rate in wetland B resulted in a better treatment compared to 
wetland A. However, the difference was only 2% for TS and 6% for TCOD. 
In general, the removal of TS is dependent on the surface filtration. Its efficiency is 
governed by the pore size of the porous medium used in the substrate, where the coarse 
gravel used in the first stage wetland bed is incapable of performing an outstanding 
filtration compared to the one topped with sand. Nevertheless, the formation of sludge 
deposit at the wetland surface built up an effective filter layer to separate the solids 
from the liquid, which has been identified as an important factor in the VFCW.  
Cracks were observed in the sludge deposit layer during the resting period. At the 
beginning of the operation, these cracks allowed the influent to bypass the sludge 
deposit layer and thus the effluent was only partially filtered.  It subsequently resulted 
in a higher TS concentration in the effluent at the early phase. Meanwhile, the 
incoming solids were then retained in the sludge deposit layer and “sealed” the cracks, 
and thus the effluent flux was decelerated and the efficiency of filtration was recovered. 
Troesch, Lienard, et al. (2009) observed the similar phenomenon, where the filtration 
was deficient while the sludge deposit layer was either too thin or cracked. 
Accordingly, it is presumed that the hydraulic behaviour was dependent on the rate of 
solid deposition. Nevertheless, this correlation requires a further study with regards to 
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accumulation of sludge deposit might lead to the substantial reduction of the hydraulic 
efficiency in the wetland bed, which has been discussed in section 5.2.   
Apart from the rapid surface filtration, the TCOD is removed biochemically in the 
substrate. The contact time between the organic matter and active biomass is 
determined by the percolation rate of influent. Figure 5.48 clearly demonstrates this 
relationship. In wetland A, the high concentration of TCOD was accompanied with a 
rapid effluent flux at the early phase and the reduction. Then, the following drop of 
concentration responded well to the deceleration of effluent flow. The slower effluent 
flux in wetland B was observed with low TCOD in the effluent, which remained below 
350 mg l-1 throughout the experiment.  
The concentration of TN displayed a correlation to the outflow dynamics. However, 
the dynamics of TN were poorly identified since there are only three measurements in 
each wetland bed as illustrated in Figure 5.49. The removal efficiency showed that the 
slow effluent flux in wetland B was advantageous to the removal of TN, where a 
removal efficiency of 67.25 % was achieved. Meanwhile, only 42.72 % of TN was 
eliminated in wetland A.   
Figure 5.50 illustrates that the pattern of concentration NH4
+-N in the effluent fairly 
matched with the outflow dynamics. In wetland A, the concentration of NH4
+-N in the 
early flow had no significant change compared to the influent, implying that the 
percolation rate could be too fast for NH4
+-N to be nitrified. The concentrations rapidly 
reduced with the deceleration of effluent. The NH4
+-N was greatly removed in the 
early effluent of wetland B. Then, the concentration of NH4
+-N declined when the 
effluent flux started to slow down at the late phase of the experiment. Wetland A only 
achieved a removal of 33.95 %. Meanwhile, the removal of NH4
+-N reached 67.55 % 
in wetland B. This comparison highlighted that the removal of NH4
+-N, either through 
nitrification or adsorption in the substrate, was governed by the percolation rate. This 
finding agreed with a column study, in which the duration of percolation was 
controlled using a throttle outflow (Henrichs, Welker and Uhl 2009). The study 
indicated that the treatment efficiency was proportional to the retention time of influent 
within the wetland beds. 
As the nitrification is the main removal mechanism of NH4
+-N, the increment of the 
concentration of NO3
--N tended to be inversely proportional to the percolation rate as  
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Figure 5.49: Relation between TN and outflow dynamics 
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demonstrated in Figure 5.51. The concentration of NO3
--N was low in the early 
discharge from the wetland A. Meanwhile, the first NO3
--N measurement in wetland 
B was much higher compared to the influent, indicating that the nitrification had been 
stimulated when the first flush occurred. The lower nitrification rate in wetland A 
highlighted that an adequate hydraulic retention time was complementary to the 
VFCW. Furthermore, this observation agreed with the relationship between aeration 
capacity and percolation rate in the pilot plant as mentioned earlier.  
Figure 5.52 shows that the dynamics of the combined NH4
+-N and NO3
--N were 
relatively consistent compared to the dynamics of the individual nitrogenous 
constituent. In wetland A, the concentration appeared to be reduced slightly. Wetland 
B exhibited an increase in the early phase and remained stable for the remaining 
effluent. The overall concentrations of combined NH4
+-N and NO3
--N were lower in 
wetland A. However, the removal efficiency in both beds were similar, where 15.45 % 
and 14.70 % were obtained in wetland A and wetland B respectively. This similar 
removal rate implied that the ammonification of Org-N should be considered in this 
aspect. The slower percolation rate potentially recharged the amount of NH4
+-N from 
the hydrolysis of organic matter. Simultaneously, the TN removal could be enhanced 
by the occurrence of ammonification. This hypothesis is agreed by the better TN 
removal in wetland B.  
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Figure 5.52: Relation between NH4+-N + NO3--N and outflow dynamics 
5.3.3.2. Overall analysis of the influence of hydraulic behaviour on nitrogen 
dynamic 
The influence of outflow dynamics on the treatment performance was significant from 
the direct comparison between cases 22A and 23B. The dependency of the dynamics 
of NH4
+-N and NO3
--N on the effluent flux were highlighted. Nevertheless, this 
analysis was statically insufficient to justify the correlation between the hydraulic 
behaviour and nitrogen removal. Therefore, the following section compared the 
patterns of nitrogen dynamics for all twenty-five cases to the associated outflow 
dynamics using linear regression analysis. 
Section 5.2.2 has indicated that the flow pattern could be subdivided into three 
categories, which are “typical flow”, “bypass” and “clogged”. The “typical flow” case 
demonstrated that the effluent flux reached the maximum rate right after or soon after 
the effluent had been observed. In the cases with “bypass”, the flow rate tended to 
accelerate gradually after the start of effluent discharge, and thus the temporal plot of 
the effluent flux demonstrated a “V-shape” or “U-shape”. The peak effluent flux in the 
“clogged cases” was generally below 0.01 cm min-1 and the developments of flow 
were highly variable. The number of cases of “typical flow”, “bypass” and “clogged” 
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Figure 5.53 illustrates the comparison between outflow dynamics and nitrogen 
dynamics for the selected cases exhibiting a “typical flow”. In general, the trends of 
temporal NH4
+-N dynamics fitted well with the outflow dynamics. Theoretically, a 
slow percolation rate is advantageous to the treatment, where the extended retention 
time enhances the efficiency of aeration and nitrification. Therefore, the rapid effluent 
flux at the early phase generally contained a high NH4
+-N concentration. This 
phenomenon can be observed in the cases of 1A, 3A, 7B, 20A, and 22A. Figure 5.54 
demonstrates the comparison for the “bypass” cases. 
The values of coefficient of determination (R2) in each case are summarized in Table 
5.12: For the cases with “typical flow”, there were ten cases with R2 values higher than 
0.80. The mean R2 was approximately 0.74. Meanwhile, the cases with “bypass” 
indicated a mean R2 of 0.73, which illustrated a linear correlation between the 
dynamics of outflow and NH4
+-N concentration. 
It should be noted that the concentration of NH4
+-N in the first sample of the effluent 
was more or less reduced compared to the influent concentration. This indicated that 
the removal of NH4
+-N could be instantaneous in the VFCW. In general, the 
concentrations of NO3
--N appeared to be inversely proportional to the concentrations 
of NH4
+-N, where the rise of one component was typically accompanied with the drop 
of the other. 
Accordingly, nitrification can be recognized as the major mechanism to treat NH4
+-N 
in the pilot-scale VFCW designed for septage treatment. However, the overall 
production of NO3
--N was not equivalent to the substantial removal of NH4
+-N, 
implying that other pathways such as adsorption took place simultaneously with 
nitrification. 
The role of plant uptake is always minor in the nitrogen removal. Besides, the nitrogen 
volatilization is less likely to happen due to the neutral pH throughout the treatment 
(Vymazal 2007; Tunçsiper 2009). Therefore, the adsorption of NH4
+-N is 
hypothesized as the second major mechanism in the treatment of NH4
+-N. However, 
the quantification of the adsorption capacity of the pilot plant was not carried out to 
the granular porous medium. It was because the measurement of adsorbed NH4
+-N in 
the substrate potentially damages the substrate and interferes with the following 
performance.  
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Table 5.12: Coefficient of determination (R2) of each case 
Typical Case Bypass Clogging 
Case R2 Case R2 Case R2 
1A 0.85 2A 0.87 10B 0.11 
3A 0.85 5A 0.66 12B 0.30 
4B 0.80 9B 0.86 13B 0.87 
6A 0.58 18A 0.75 14A 0.29 
7B 0.83 21B 0.53 15B 0.79 
8A 0.81 - - - - 
11A 0.91 - - - - 
16A 0.91 - - - - 
17B 0.71 - - - - 
19B 0.04 - - - - 
20A 0.81 - - - - 
22A 0.87 - - - - 
23B 0.90 - - - - 
24B 0.69 - - - - 
25B 0.60 - - - - 
Mean 0.74 Mean 0.73 Mean 0.47 
Instead of the gravel in the substrate, Molle (2014) indicated that the adsorption of the 
NH4
+-N was more likely to occur in the organic matter in the sludge deposit layer. The 
sludge deposit layer removed from the top of the wetland bed as shown in Figure 5.55 
was then tested for the content of NH4
+-N and NO3
--N by employing the 2.0 M KCl 
extraction method (Maynard and Kalra 1993). Ten 20 g samples of sludge deposit were 
obtained from different locations on the wetland surface and were mixed with 50 mL 
of 2.0 M KCl in a beaker. The mixture was then placed on the laboratory shaker for an 
hour. Subsequently, the mixture was filtered using filter paper and 50 mL of 2.0 M 
KCl was added to wash the filtered solid. The HACH HQ40d portable multi-parameter 
meter with specific probes was used to measure the concentration of NH4
+-N and NO3
-
-N in the mixture. Then, the measured concentration was converted to mass-based 
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Figure 5.55: Sample of sludge deposit layer removed from the wetland surface 
The results showed that the sludge deposit contained a remarkable amount of NH4
+-N, 
ranging from 6 to 8.95 mg g-1. The concentration of NO3
--N was relatively low, which 
ranged between 1.52 and 2.27 mg g-1. This finding supported the adsorption as an 
important mechanism to remove NH4
+-N, and it explained the disequilibrium between 
the NH4
+-N and NO3
--N. Nevertheless, this analysis was only performed to examine 
the presence of adsorbed nitrogenous constituents in the sludge deposit layer, but its 
contribution to the overall nitrogen removal was not clearly quantified, and thus the 
potential capacity remained unknown in this study.   
Another remarkable observation in this section was the high NO3
--N concentration in 
the first flush of the effluent such as cases 4B, 5A, 6A, 16A, and 17B. As a certain 
amount of NH4
+-N was adsorbed in the wetland bed after a feeding-draining cycle, 
nitrification took place and produced NO3
--N during the resting period (Molle et al. 
2006). The NO3
--N was retained in the substrate with the residual water content at the 
late stage of loading event due to the absence of transport movement. When the 
wetland bed was loaded again, the NO3
--N retained at the previous batch of treatment 
was washed out by the invaded influent and caused a high concentration at the early 
phase of effluent.  
As for the clogging case as displayed in Figure 5.56, the relations between outflow 
dynamics and nitrogen dynamic were highly variable compared to the previous cases. 
Only case 13B and 15B demonstrated that the concentration of NH4
+-N exhibited the 
same trend with outflow dynamics. The low mean R2 value shown in the Table 5.12 
revealed that the correlation between effluent flux and NH4
+-N was insignificant in the 
clogging case. The most important feature in the clogging cases was the slow effluent 
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flux throughout the feeding-draining cycle. As mentioned previously, a slow effluent 
flow enhances the efficiency of nitrification due to the longer contact time between 
NH4
+-N and microorganisms. However, this presumption was only observed in case 
12B and 14A, while other cases still contained a significant amount of NH4
+-N in the 
effluent. The short circuit of percolation in the clogging cases was believed to be the 
main reason for the unstable hydraulic behaviour. 
5.3.4. Summary 
In summary, the raw septage used in this study was slightly alkaline and the oxygen 
content was extremely low throughout twenty-five set of loading events. The solids 
content and the concentrations of organic matter and nitrogenous constituents were 
highly variable. Although the average concentration of TS, TCOD, TN and NH4
+-N in 
the raw septage were much lower compared to the literature data, the quality was still 
highly hazardous to the environment. The analysis showed that the concentrations of 
TCOD and Org-N were dependent on the solids content. This correlation indicated that 
the majority of organic matter existed in the particulate form. As for the nitrogenous 
constituents, the concentration of NH4
+-N and NO3
--N were generally consistent and 
independent from the TS and TN. The portion of the Org-N in the TN proportionally 
correlated to the TS concentration.  
The overall performance of the pilot-scale VFCW-based septage treatment system was 
satisfactory. The high DO concentration in the effluent showed that the proposed 
configurations and operating regimes delivered an excellent aeration capacity. The pH 
of the effluent was slightly increased compared to the raw septage. On average, the 
removal efficiency of TS and TCOD achieved 78 % and 89 %, respectively. The 
treatment performance was comparable to the performance of other existing systems. 
Nevertheless, the removal of nitrogen was less desirable. The mean removal efficiency 
of TN was approximately 68 % and the performance was up-and-down throughout the 
time. The treatment of NH4
+-N was poor and the mean removal rate was less than 50 %. 
The increase of NO3
--N in the effluent indicated that the nitrification was favourable 
in the pilot plant. The temporal plots of the effluent quality illustrate that most quality 
parameters were dependent on the hydraulic behaviour. An excellent aeration and solid 
deposition were usually accompanied with a slow effluent, subsequently resulting in a 
better removal for TCOD, TN, NH4
+-N in the pilot-scale VFCW.  
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The hydraulic behaviour is key to the nitrogen dynamics. In the cases with the “typical 
flow”, the concentration of NH4
+-N showed a dependency on outflow dynamics. 
Besides, the rise of NO3
--N was always observed with a drop of NH4
+-N. This 
observation showed that nitrification was the main mechanism to remove NH4
+-N in 
the pilots-scale VFCW. A slower percolation rate returned to a longer contact time 
between NH4
+-N and the attached biofilm in the substrate, subsequently enhancing the 
efficiency of nitrification. In most cases, NO3
--N was produced due to the favourable 
aerobic condition. By extracting the nitrogen content in the sludge deposit, the 
adsorption of NH4
+-N in this layer was noteworthy. The adsorbed NH4
+-N could be 
nitrified during resting period and subsequently resulted in a flushing-out of NO3
--N 
in the early effluent. Nevertheless, the overall removal of combined NH4
+-N and NO3
-
-N was less than expectation.  
The relation between the outflow dynamics and the concentration of NH4
+-N and NO3
-
-N in the pilot-scale VFCW designed for septage treatment was identified using linear 
regression analysis. Ten cases with “typical flow” characterized R2 higher than 0.80, 
where the average R2 of fifteen cases was found to be 0.74, which evidently supported 
the hypothesis that the hydraulic behaviour eventually governed the treatment of 
nitrogenous constituents. In addition, the cases with “bypass” also obtained an average 
R2 of 0.73. From the perspective of the treatment efficiency, the current removals of 
TN and NH4
+-N were considered to be poor. This was mainly due to the rapid 
percolation rate throughout the substrate. As a recommendation to improve the system, 
an additional stage of treatment should be added to remove residual NH4
+-N and 
excessive NO3
--N production in the percolate from the first stage treatment.  
5.4. Tracer experiments 
Twelve sets of tracer experiment (3A – 14A) have been carried out with the assessment 
of hydraulics and water quality to investigate the transport mechanism of non-reactive 
solute throughout the wetland bed. The raw septage was mixed with a specific amount 
of KBr (1 mole) as described in section 3.2.3 to attain the influent Br- concentration of 
0.001 mole l-1. Nevertheless, Table 5.13 shows that the measured concentration of Br- 
in influent failed to reach the designed concentration, where the average of the 
measured tracer concentration in the influent was only 0.00033 ± 0.00009 mole l-1. As 
the radiometer and Br- electrode probe has been properly calibrated and it accurately 
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measured the Br- concentration in KBr with various dilution factors, the discrepancies 
were attributable to the raw sample. One of the reasons was the low concentration in 
the influent that resulted in a low volume ratio of the mixture (1:1000) and it could be 
too low to be evenly distributed within the raw septage. In addition, the high solids 
content in the raw septage might influence the sensitivity of the radiometer in detecting 
the tracer. Consequently, the outcome of the tracer experiment was only taken as a 
reference for the general trend of solute transport, but not for the calibration of 
transport parameters.   
Figure 5.57 demonstrated the dynamics of tracer concentrations in the effluent. In 
cases 4B, 5A, 6A and 7B, the tracer concentration rose at the early stage, while in cases 
8A, 10B, 12B, 13B, and 14A, a drop in the tracer concentration was observed. The 
first measurements of tracer concentration ranged between 0.000 08 mole l-1 and 0.000 
48 mole l-1. Then, the tracer concentration generally stabilized within the range of 
0.000 14 mole l-1 to 0.000 22 mole l-1 at the late phase of the experiment.  
This observation showed that the transport of contaminant was sensitive to the 
background concentration in the wetland bed. Although section 3.2.3 has highlighted 
that the Br- is theoretically absent in the wetland system, the tracer retained in the 
residual water content from the previous loading possibly affected the overall trend of 
tracer transport. When the wetland bed was free from tracer, the early rise of the 
concentration indicated that the tracer gradually mixed with the inherent water content 
until the equilibrium state was reached. As the tracer experiment was continuously 
carried out, the residual tracer in the wetland bed increased with the time of loading. 
Therefore, the last few sets of the experiment (12B, 13B, 14A) illustrated a first flush 
of tracer when the effluent had been formed.  
Due to the highly variable tracer concentration in the effluent, its overall trend had no 
correlation to the effluent flux. According to Table 5.13, the average percentage of 
tracer recovery was 62.15 ± 20.82% and there was no remarkable relation to the 
hydraulic loads, sludge thickness, TS loads and even water recovery. This implied that 
the tracer experiment carried out with Br- in this study was highly unstable, and thus 
the results were unreliable in terms of the verification of the simulation. 
In summary, although the calibration of transport parameters using the results of this 
experiment was not successful, some important insights have been gained towards the 
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Table 5.13: Results of tracer experiment 
 
No. of test 
A = Wetland A 
















3A 01/12/2015 75 6 360 71.92% 0.00040 49.40% 
4B 4/12/2015 75 7 105 85.87% 0.00040 41.95% 
5A 08/12/2015 75 7 - 83.77% 0.00020 93.05% 
6A 12/12/2015 75 5 120 68.14% 0.00021 87.57% 
7B 13/12/2015 75 5 105 69.48% 0.00040 40.65% 
8A 16/12/2015 100 6 1280 73.41% 0.00038 58.36% 
9B 17/12/2015 100 5 460 70.10% 0.00039 50.65% 
10B 24/12/2015 100 12 1070 22.75% 0.00034 56.93% 
11A 27/12/2015 100 8 1260 47.34% 0.00037 64.86% 
12B 31/12/2015 125 12 1187.5 14.58% 0.00032 70.42% 
13B 7/1/2016 125 9 525 9.72% 0.00017 96.43% 
14A 10/01/2016 125 12 1200 11.04% 0.00037 35.50% 
Max. 125.00 12.00 1280.00 85.87% 0.00040 96.43% 
Min. 75.00 5.00 105.00 9.72% 0.00017 35.50% 
Average 95.83 7.83 697.50 52.31% 0.00033 62.15% 
Standard Deviation 20.87 2.79 502.27 29.62% 0.00009 20.82% 
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pattern of solute transport. The first observation was the influence of background 
concentration on the tracer concentration at the early phase. Besides, the stable tracer 
concentration level at the late phase of the feeding-draining cycle demonstrated 
dissimilar pattern compared to the results in Langergraber and Šimůnek (2006) and 
Giraldi, de Michieli Vitturi, and Iannelli (2010), where the tracer in the effluent 
generally demonstrated a rise-and-drop within a feeding cycle. This can be attributed 
to the different methodology of the tracer experiment, where a pulse input was 
generally employed during feeding. In this study, the tracer was pre-mixed with the 
influent and was loaded in batch, and thus it was reasonable to observe an equilibrium 
state at the end of the experiment.  
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Chapter 6 Simulation of Hydraulic Behaviour 
 
A feasible hydraulic simulation is essential to predict the transport and fate of 
nitrogenous constituents in the system. The proposed model, VF_Sep, which includes 
a variably-saturated flow module and an ET sub-module, was calibrated with the 
measured outflow dynamics of the first stage treatment in a pilot-scale, two-stage 
VFCW. In summary, the inputs of the hydraulic module consist of time, geometry, 
boundary condition, iteration criteria, and initial pressure head. The expected 
outcomes include the profiles of pressure head, water content, flux, and plant water 
uptake. In this chapter, the calibration procedure is discussed, including the set-up of 
simulation, assumption, and limitation in hydraulic simulation, calibration of 
parameters and error analysis. In addition, the significance of the evapotranspiration 
(ET) and sludge accumulation are evaluated, and the future improvement of the 
hydraulic module is suggested.  
6.1. Review of the calibration procedure and established hydraulic parameters 
In this study, the main challenge in the calibration was the lack of standard hydraulic 
parameters for the granular porous medium. There are two general methods to 
determine the variably-saturated hydraulic properties of the porous medium in the 
wetland bed, which are the direct laboratory method and the indirect modelling method. 
Direct laboratory measurement was attempted as a preliminary study of the calibration. 
The porosity, saturated hydraulic conductivity (KS), and hydraulic retention curve 
(HRC) of the porous medium used in the wetland bed was measured by means of 
porosity test, constant head tests (Figure 6.1) and hanging column tests (Figure 6.2), 
respectively. Then, the VGM parameters were estimated with regards to the HRC 
using the software RETC (Van Genuchten, Leij and Yates 1991).  
However, these data, which are presented in Table 6.1, were considered to be 
instrumentally constrained and statistically insufficient to provide reliable results. 
Another concern was that the sample for laboratory quantification was grabbed from 
the clean bed, where the sampling of the porous medium from the wetland bed that is 
in operation, will potentially destroy the bed and interfere with the treatment 
performance. 
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Figure 6.1: Constant head test to measure the saturated hydraulic conductivity 
of porous medium 
 
 
Figure 6.2: Hanging column test to measure the amount of water removed from 
the saturated porous medium caused by the suction 
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Table 6.1: Laboratory measurement of hydraulic parameters 
 Porosity (-) KS (cm min-1) α (cm-1) n (-) 
Sludge deposit 0.75 0.0002 0.69 2.71 
Gravel (10 mm) 0.46 15.3000 1.04 2.08 
Gravel (37.5mm) 0.67 17.2600 - - 
Moreover, Khaleel and Relyea (1997) highlighted that the laboratory-measured 
hydraulic retention curve (HRC) of gravel required further correction in order to be 
applied in the field. This has been supported by Morvannou et al. (2013a), which 
indicated that the direct laboratory method produced reasonable measurements for the 
particular soil sample. However, these measurements generally failed to reproduce the 
scenario in the field due to factors such as the vegetation and the hysteresis effect. 
Therefore, the outcome of direct measurement was not reported in detail here. This set 
of data was only referred to as the initial parameters for calibration. In addition, there 
is no standard method to optimize the laboratory data for the application of a field-
scale system, and thus an indirect method is often carried out.   
The indirect method determines the hydraulic parameters of the wetland bed through 
the inverse modelling of measured data, or by calibrating the hydraulic parameters 
using a mathematical model to fit the measured data. In inverse modelling, the concern 
is the insufficiency of data to conduct reasonable analysis, especially in the event-
based simulation (Dittmer, Meyer and Langergraber 2005). The collection of 
enormous data could be time-consuming and costly to satisfy the requirement of 
inverse modelling. A more budget-friendly alternative is to calibrate the hydraulic 
parameters by fitting the simulated results obtained from the mathematical model with 
the measured data, which is proposed by Dittmer, Meyer, and Langergraber (2005). 
Toscano et al. (2009) applied the same procedure to calibrate the hydraulic parameters 
of a pilot-scale, two-stage hybrid (HF + VF) subsurface-flow constructed wetland. The 
calibration by fitting generally combines the visual evaluation and statistical analysis 
to match the outflow dynamics with simulated results.  
Table 6.2 presents the hydraulic parameters of gravel used in the literature to simulate 
the hydraulic behaviour of VFCW as an equilibrium flow. The standard hydraulic 
parameters of sand specified in Carsel and Parrish (1988) are presented as the 
benchmark in the calibration procedure. It is found that even though the particle size  
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Table 6.2: Hydraulic parameters of gravel used in the literature for hydraulic 













Carsel and Parrish 
(1988) 
- 0.045 0.430 0.145 2.68 0.50 
Langergraber and 
Šimůnek (2005) 
4-8 0.045 0.410 0.145 5.00 1000.00 
16-32 0.056 0.150 0.145 1.92 1000.00 
Langergraber and 
Šimůnek (2006) 
2-8 0.050 0.370 0.050 2.80 600.00 
Toscano et al. (2009) 16-32 0.050 0.190 0.028 4.00 8.30 
Maier et al. (2009) 
4-8 - 0.350 0.085 9.80 7.80 
8-16 - - 0.097 8.60 258.00 
Giraldi, de Michieli 
Vitturi, and Iannelli 
(2010) 
5-10 0.036 0.483 0.145 2.68 23.88 
20-30 0.035 0.480 0.145 2.68 120.00 
50-60 0.035 0.480 0.145 2.68 120.00 
Morvannou et al. 
(2013a) 
- 0.310 0.406 2.860 1.35 6.60 
- 0.220 0.406 2.770 1.30 6.60 
30-60 0.230 0.440 2.720 1.47 71.40 
Fournel et al. (2013) 10-20 0.040 0.430 0.180 3.30 70.00 
was similar, the hydraulic parameters vary from case to case and no general trend were 
observed. Such deviations are attributed to the difference in the purpose and calibrating 
procedure of the studies. Morvannou et al. (2013b) proposed the only set of calibrated 
hydraulic parameters for the dual-porosity model, which is summarized in Table 6.3. 
As mentioned in the previous section, Morvannou et al. (2013a) inversely modelled 
the hydraulic parameters using an in-situ assessment with regards to the water content 
along the wetland bed. Maier et al. (2009) delivered a similar approach to calibrate the 
hydraulic parameters of a full-scale VFCW using the data of discharge. Although these 
Table 6.3: Hydraulic parameters of gravel used in the literature for hydraulic 
simulation of VFCW (preferential flow) 
















Morvannou et al. 
(2013b) 
0.0 0.02 0.145 5.00 1500.00 0.38 0.39 0.30 
0.0 0.05 0.145 1.92 1500.00 0.34 0.36 0.30 
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 6 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage  Simulation of Hydraulic Behaviour 
   
191 
 
studies showed that these parameters successfully fitted the experimental measurement, 
some of them were “unreasonable” compared to the typical values. For example, the 
calibrated value of n in Maier et al. (2009) is extremely high compared to other studies. 
Besides, the value of residual water content (θr) and α are much higher than the typical 
value in Morvannou et al. (2013a). Therefore, these hydraulic parameters were only 
reliable in the specific condition and were unable to be used as global parameters. The 
same outcome was observed in the study of the dual-porosity model (Morvannou et al. 
2013b), where most of the pore spaces were assumed to be within the immobile region 
of the substrate.   
In most cases, the gravel was seldom used as the main layer, while it acted as the 
intermediate layer or drainage layer in the substrate profile (Langergraber and 
Šimůnek 2005; Morvannou et al. 2013b; Langergraber and Šimůnek 2006; Toscano et 
al. 2009; Fournel et al. 2013). In general, the drainage layer was assumed to be 
saturated in the simulation, and hence its effect to the overall calibration was minor.  
In this case, the values of VGM parameters were always referred to the standard of 
sand (Langergraber and Šimůnek 2005). Giraldi, de Michieli Vitturi, and Iannelli 
(2010) calibrated the dispersity of the gravel bed to fit the results of the tracer 
experiment by using the VGM parameters of sand. Although such an approach 
simplified the calibration of VGM parameters, it was difficult to match the measured 
data by calibrating the value of the saturated hydraulic conductivity (Ks) only. In 
general, Ks was the most variable parameter, ranging from 6.60 to 1000 cm min
-1, and 
thus the current literature was unable to justify a set of standard hydraulic parameters 
for coarse gravel. 
Fournel et al. (2013) proposed a guideline to elaborate the hydraulic parameters of 
gravel from the standard hydraulic parameter. First, the θs is higher for the coarser 
gravel due to the higher porosity, but it is vice versa for θr. The values of α, n and Ks 
are proportional to the grain size. This concept is employed to range the values for 
calibration. The typical value of θr is between 0.03 and 0.05 and the value of θs is 
between 0.4 and 0.5. The initial value of α is generally higher than 0.15 cm-1 but lower 
than 0.4 cm-1, and n ranges from 3 to 5. The Ks was assumed to be higher than 1000 
cm min-1. It should be noted that the ratio between the mobile and immobile region 
was calibrated according to the measured data. 
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The previous chapter has highlighted the key role of the sludge deposit layer in the 
hydraulic performance. Nevertheless, only Morvannou et al. (2013a) established a set 
of hydraulic parameters for the sludge deposit, which is presented in Table 6.4. The θr 
and θs used in this study were extremely high compared to the standard hydraulic 
parameters of loam and silt showed in Table 6.5. In terms of the VGM parameters, α 
and Ks were similar to the standard value of sand and the value of n was close to the 
standard value of loam. Therefore, the range of the hydraulic parameters of sludge 
deposit was interpolated between the standard parameters of sand and loam. 
In summary, the calibration of the optimal hydraulic parameters was performed using 
the visual evaluation and the error analysis (mean absolute percentage error, MAE (%)) 
to fit the measured effluent flux in the experiments. According to the hydraulic 
parameters for gravel and sludge deposit, the hydraulic parameters of gravel was 
elaborated from the standard parameters of sand and the hydraulic parameters of 
sludge deposit was interpolated between the standard parameters of sand and loam. 
Further investigation with regards to the portion between mobile and immobile region 
is required in the calibration. 
6.2. Assumptions 
The aim of the hydraulic simulation is to match the simulated results with the measured 
data of effluent flux (cm min-1) obtained from the pilot-scale VFCW treating septage. 
As not all factors were able to be measured in this study, several assumptions were 
made in the simulations: 
Table 6.4:  Hydraulic parameters of sludge deposit used in the literature for 
hydraulic simulation of VFCW (equilibrium flow) 










Morvannou et al. (2013a) 0.65 0.84 0.15 1.80 0.45 
 













Carsel and Parrish 
(1988) 
Loam 0.078 0.43 0.036 1.56 0.017 
Silt 0.034 0.46 0.016 1.37 0.004 
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 The hydraulic properties of the wetland bed and the associated hydraulic 
behaviour (infiltration rate, water flux, ET, etc.) were assumed to be 
horizontally homogenous over the wetland bed. All the simulated results were 
presented as per unit area [L-2].  
 The initial pressure distribution was assumed to be under the equilibrium state, 
where the initial pressure is equivalent along the substrate profile before the 
operation. 
 The effect of vegetation was only considered in terms of root water uptake, 
while its influence on the hydraulic performance (cracking around the stem, 
root penetration, etc) was assumed to be lumped with the hydraulic properties 
of the substrate profile. 
 The ET rate was assumed to be constant throughout the simulation 
 The hydraulic properties of the newly formed sludge deposit were assumed to 
be equal to the existing sludge deposit. 
 The hysteresis effect was not considered in the hydraulic simulation. 
 The sink term considered in the proposed model only included the water loss 
from ET and the water content retained in the immobile region. Therefore, the 
associated water recovery was theoretically conservative with the amount of 
influent. 
6.3. Simulation set-up 
The substrate profile in the pilot-scale first stage wetland bed consists of three layers, 
which include the small-size gravel layer, the medium-size gravel layer, and the 
drainage layer. The sludge deposit at the wetland surface, which has been evidently 
identified as a crucial factor in the hydraulic performance, was included as the top 
layer in the simulation. On the other hand, since the drainage layer only acted as a 
drain and its influence on the overall hydraulic retention time was negligibly minor in 
the system, this layer was excluded from the profile of simulation.  
The substrate profile in the simulation is illustrated in Figure 6.3. Apart from the 
particulate constituents retained at the surface that formed the sludge deposit layer, a 
certain amount of solid passed through the surface and was deposited at the upper zone 
of the main layer. As a result, the hydraulic properties of this zone was changed with  
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Figure 6.3: Substrate profile in the simulation 
time as the porosity was greatly reduced (Kim and Forquet 2016). A 5 cm intermediate 
layer was implemented to describe this transition interface at the top of the main layer. 
Consequently, the thickness of the small-size gravel layer was reduced to 22 cm. The 
thickness of medium-size gravel layer remained as 27 cm. 
The spatial discretization (dz) in the hydraulic simulation was set to be 1 cm. Although 
a finer discretization hypothetically improves the resolution and the accuracy of results, 
the duration for computation may substantially increase at the same time. The 
preliminary simulation of pressure head, water content and flux as illustrated in Figure 
6.4 show that the finer discretization did not result in a significant difference from the 
default discretization. Therefore, the spatial discretization of 1 cm was reasonable in 
the proposed model. Another potential drawback of the finer mesh was its instability 
in countering the high Ks of gravel bed, which ranged from 120 to 1000 cm min
-1 in 
the literature (Langergraber and Šimůnek 2005; Giraldi, de Michieli Vitturi and 
Iannelli 2010). When this range of Ks was adopted in the simulation, the simulated 
results tended to be unstable since the water movement was too fast to be predicted 
within the small discretization.  
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Figure 6.4: The comparison between a default spatial discretization (1.00 cm) and 
a finer spatial discretization (0.50 cm).  
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 6 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage  Simulation of Hydraulic Behaviour 
   
196 
 
The time frame for the hydraulic simulation was determined from the measured data. 
The standard time unit in the simulation was in terms of minutes. The default temporal 
discretization was set to be 1/360 minute to guarantee a stable simulation. The 
maximum time frame was suggested to be 1 day (1440 minutes) due to the limitation 
of data storage in the simulation software.  
The minimum and maximum tolerance for pressure head in the iterative computation 
were 0.01 and 1 cm, respectively. The reliability of these tolerances has been verified, 
as cited in Huang, Mohanty, and van Genuchten (1996). The maximum allowable 
number of iterations was prescribed to be 30. The reliability of the time discretization 
and iteration criteria in the hydraulic simulation was evaluated using the mass balance 
analysis. 
As for the upper boundary condition, the loading time was fixed to be three minutes. 
Then, the feeding flux was converted by dividing the hydraulic loading rate (HLR) [L3] 
to the wetland surface area [L2]. The rate for case 50 l, 75 l, 100 l, 125 l, and 150 l 
were 1.50 cm min-1, 2.30 cm min-1, 3.00 cm min-1, 3.80 cm min-1, and 4.50 cm min-1, 
respectively. Free drainage was used as the lower boundary condition in the simulation. 
Table 6.6 summarizes the information for geometry, time, and iteration criteria in the1 
hydraulic simulation.  
6.4. Inputs for ET and sludge accumulation 
The weather data input to the ET module was obtained from the historical data in the 
website Weather Underground (2016), which is presented in Table 6.7. The 
experiments have been carried out in between November 2015 and February 2016. As 
the measurement of solar radiation was absent, the Julian day was used to determine  
Table 6.6: The information for geometry, time, and iteration criteria in the 
hydraulic simulation. 
Information in hydraulic simulation Values 
Spatial discretization [L] 1.00 cm 
Temporal discretization [T] 1/360 minutes 
Minimum tolerance for pressure head [L] 0.01 cm 
Maximum tolerance for pressure head [L] 1.00 cm 
Maximum allowable number of iteration [-] 30.00 
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2015-11-18 322 29 24 100 71 2.22 
2015-11-24 328 30 24 100 70 1.67 
2015-12-01 335 31 25 100 66 1.94 
2015-12-04 338 32 24 100 63 1.67 
2015-12-08 342 35 25 100 56 2.22 
2015-12-12 346 31 25 100 70 1.67 
2015-12-13 347 31 25 100 69 1.39 
2015-12-16 350 28 24 100 69 1.39 
2015-12-17 351 28 24 97 78 2.22 
2015-12-24 358 33 23 100 53 1.39 
2015-12-27 361 32 24 100 62 2.22 
2015-12-31 365 32 26 94 57 3.61 
2016-01-07 7 31 24 97 63 1.94 
2016-01-10 10 31 26 94 74 1.67 
2016-01-14 14 32 24 100 59 1.67 
2016-01-21 21 30 25 100 70 1.39 
2016-01-24 24 32 24 94 37 3.61 
2016-01-28 28 31 24 100 66 1.67 
2016-02-16 47 31 24 94 51 2.50 
2016-02-21 52 31 25 89 55 4.17 
2016-02-27 58 32 26 89 54 3.89 
Maximum 35 26 100 78 4.17 
Minimum 28 23 89 37 1.39 
Mean  31.10 24.52 97.52 62.52 2.20 
Standard Deviation 1.54 0.79 3.62 9.28 0.85 
the potential solar radiation as shown in Appendix A. The maximum daily 
temperatures ranged from 28 to 35˚C, while the minimum temperatures were between 
23˚C and 26 ˚C. Due to the frequent rains, the maximum daily humidity remained high 
throughout the entire experimental period (89 % - 100 %). The minimum daily 
humidity could be as low as 37% and its average is 62.52 ± 9.28 %. In most cases, the 
wind velocities were between 1.39 m s-1 to 2.50 m s-1. There were only two days 
recorded with the wind velocity that exceeded 3 m s-1.  
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The continuous growth of the common reeds altered its height over the wetland beds 
throughout the experimental period. Figure 6.5 shows the growth of common reeds at 
the end of experimental period. In the simulation, the height used in the ET module 
was assumed to be 1 m. The height of wind and humidity measurement was 
standardized as 2 m. The coefficient of active left area index (LAIactive) was referred to 
the standard value in Zotarelli et al. (2010) as 0.5. Figure 6.6 shows that the maximum 
root length of the common reeds in the pilot plant reached approximately 30 cm. The 
fraction of root length density at the top 10 % of the root zone was assumed to be 0.40. 
The wilting point of the vegetation was set to be 0.10 and the functional parameters 
for water stress distribution was fixed as 0.23. The root length density was estimated 
to be 0.05. The values of all parameters used in the ET module is presented in Table 
6.8.  
The rate of sludge accumulation was estimated from the fraction of particles retained 
at the wetland surface. According to the average removal rate of solids removal as 
shown in section 5.3, the retention coefficient of solids was approximately 0.80. The 
erosion of sludge deposit was neglected in the model because of the gravel bed that 
provided a strong structural support against the corrosion during loading. The porosity 
of the sludge deposit, which is the summation of the mobile region and immobile 
region, was assumed to be constant throughout the operation. The density of water was 
standardized as 1 g cm-3 while the density of the sludge deposit was assumed to be 
1.10 g cm-3.  The values of these parameters are summarized in Table 6.9.  
Table 6.8: Inputs for ET 
Parameters Values 
Height of crop, hc (m) 1.00 
Height of wind measurement, zw (m) 2.00 
Height of humidity measurement, zh (m) 2.00 
LAIactive coefficient, a (-) 0.50 
Empirical coefficient in Beer-lambert law, ab1 (-) 0.50 
Maximum root depth, zR (cm) 30.00 
Fraction of the root length density in the top 10% of the root zone, F10 (-) 0.40 
Wilting point, Ɵwiltn (-) 0.10 
Functional parameter for water stress distribution, γα (-) 0.23 
Root length density, g0 (g cm-3) 0.01 
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 6 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage  Simulation of Hydraulic Behaviour 




Figure 6.5: Common reeds at the end 
of experiment 
 
Figure 6.6: The root length of common 
reeds reached up to 30 cm 
Table 6.9: Inputs for sludge accumulation 
Parameters Values 
Erosion rate (cm min-1) 0 
Retention parameters (-) 0.80 
Porosity (-) 0.42 
Density of water (g cm-3) 1.00 
Density of sludge deposit (g cm-3) 1.10 
6.5. Procedure for calibration of hydraulic parameters to fit measured data 
The application of VF_Sep was only limited to the typical flow cases obtained from 
the laboratory experiment as shown in Figure 6.7. It is because the theoretical variably-
saturated flow model simulates an effluent flux that is proportional to the level of 
surface ponding. As a result, the cases of “bypass” and “clogged” were not considered 
in the scope of simulation. According to the temporal plots of effluent flux, two main 
criteria were necessary to be satisfied in the calibration of hydraulic parameters, 
namely: peak effluent flux and the start of effluent discharge. These criteria are shown 
in Figure 6.7. In this calibration, one of the goals was to fit all sets of the measured 
effluent flux with the same set of hydraulic parameters to verify its reliability. However, 
the hydraulic properties of the heterogeneous substrate were inconsistent in each case. 
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Figure 6.7: Effluent flux of “typical flow” 
Although the multi-layered substrate profile provided more degrees of freedom to 
improve the accuracy, it simultaneously over-parameterized the simulation. It was 
important to identify the relative influence of each layer in the overall hydraulic 
performance, and thus the sensitivity of the prescribed hydraulic parameters could be 
evaluated to control the number of degree of freedom to be as low as possible.  
In the substrate profile, the sludge deposit at the wetland surface was a low 
permeability mat that “regulates” the infiltration rate of the system. In chapter 5, the 
assessment of hydraulic behaviour revealed that the water recovery and peak effluent 
flux were dependent on the thickness of sludge deposit, highlighting its dominant role 
in the VFCW. Accordingly, the percolation throughout the gravel layer, which was 
characterized with a high water conductivity, was generally under the unsaturated 
condition and the associated hydraulic retention time was relatively short. The 
filtration of solid particles and the growth of biofilm potentially reduced the pore 
spaces at the upper fragment of the gravel bed. This circumstance was described by 
placing a 5 cm intermediate layer that resulted in a longer duration of percolation. 
Nevertheless, its permeability was still high and the effect was constrained by the top 
sludge deposit layer.  
Section 5.1 has discussed the influence of cracks in the sludge deposit layer formed 
during resting period upon the delay of flow occurrence and peak effluent flux. This 
phenomenon was the main obstacle to obtain a set of optimal hydraulic parameters to 
fit all measured data. The influence of the resting period upon the hydraulic properties 
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of the intermediate layer and gravel layer was relatively minor, but it was vital to the 
distribution of initial pressure.  
As the variably-saturated flow is a function of water content, the portion between the 
mobile region and immobile region is important to the hydraulic simulation. Giraldi et 
al. (2009) reported that the majority of the dead zones was found in the upper layers 
of bed. This assumption was used in VF_Sep, where the immobile regions in the sludge 
deposit and intermediate layer were more significant than in the gravel layers due to 
the presence of micropores that retains the stagnant water.  
Accordingly, it could be postulated that the influence of the sludge deposit layer is 
most crucial in the substrate profile. It should be noted that nine inputs are required by 
each layer in the hydraulic simulation. The hydraulic parameter l was assumed to be 
0.50 (Giraldi, de Michieli Vitturi and Iannelli 2010) for different grain sizes. As the 
influence of intermediate layer and gravel layer was minor, the hydraulic properties of 
these layers were fixed as constant in the calibration. Some guidelines have been found 
in the calibration process: 
 In general, the intermediate layer and gravel layer were unsaturated due to the 
limited amount of percolation through the sludge deposit layer. 
 The effective saturation in the mobile region was a function of the saturated 
water content (θs
m). In the unsaturated flow, the unsaturated hydraulic 
conductivity was greatly reduced by the low effective saturation due to the high 
θs
m. Therefore, the values of both parameters were necessary to be weighted 
carefully in the calibration.  
 The VGM parameters, α and n, typically governed the amount of water retained 
in the substrate corresponded to the pressure head. If the values of both 
parameters used in the gravel layer were as low as the parameters for sand or 
silt, the inherent water content and water flux estimated from the initial 
pressure distribution were unreasonable and eventually failed to converge 
during the iterative computation.  
 The amount of water exchanged between the mobile and immobile region was 
insignificant due to the low effective saturation in both regions. 
The sludge deposit layer was assumed to consist mostly of the immobile region. 
Therefore, the layer was generally saturated throughout the operation. In this study, 
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the values of the VGM parameters were generally too low to describe a high inherent 
water content before the wetland bed was loaded. Besides, the water migration 
between the mobile and immobile regions always reached the equilibrium state in the 
simulation. The saturated hydraulic conductivity was revealed as the most sensitive 
parameter to match the maximum effluent flux, which dominated the flux across this 
low permeable layer. Table 6.10 presents the hydraulic parameters fixed in the 
hydraulic simulation to match the measured effluent flux obtained from the pilot-scale 
system.  
Another important factor in the hydraulic simulation was the initial water content in 
the wetland bed. When the bed was dry, the flow of water was less smooth than in the 
wet condition. Therefore, the initial water content, which was implemented as initial 
pressure head in the proposed model, was optimized to match the flow occurring delay. 
The influence of the drying process during resting period has been discussed in section 
5.2.2.   
6.6. Results and Discussions 
The hydraulic module was unable to match all twenty-five sets of data obtained 
throughout the experiment. In the last section, it has been highlighted that only the 
“typical flow” cases complied with the theoretical concept established in VF_Sep. 
Among the measured data, five cases were categorized as “bypass” and five cases were 
categorized as “clogged”, thus there were only fifteen cases satisfying the requirement 
for calibration. As the Ks of sludge deposit layer and initial pressure distribution were 
selected as the degree of freedom in the calibration, a set of calibrated parameters was 
proposed. To verify the accuracy of the proposed model, the simulated results were 
analysed based on the mean absolute percentage error (MAE (%)) and regression 
analysis. The MAE is a statistical calculation to quantify the deviation between the 











× 100% (6.1) 
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Table 6.10: The values of hydraulic parameters used in the hydraulic simulation 
Hydraulic 
parameters 
Layer 1 –  
Sludge 
deposit layer 
Layer 2 – 
Intermediate 
layer (5 cm) 
Layer 3 –  
Small-size 
gravel layer  
(22 cm) 
Layer 4 –  
Medium-size 
gravel layer  
(27 cm) 
θr
m (-) 0.08 0.06 0.04 0.04 
θs
m
 (-) 0.22 0.28 0.32 0.36 
α (cm-1) 0.07 0.18 0.29 0.36 
n (-) 1.80 2.70 3.50 4.00 
Ks (cm min
-1) * 10.00 1300.00 1500.00 
l (-) 0.50 0.50 0.50 0.50 
θr
im (-) 0.10 0.03 0 0 
θs
im (-) 0.20 0.18 0.14 0.12 
ω (min-1) 0.002 0.007 0.02 0.04 
At is the actual flow rate in the experiment, Pt is the predicted value of the simulation 
and n is the number of data.  
On the other hand, the linear regression analysis was conducted between the measured 
and simulated flux to determine the coefficient of determination (R2).  The R2, which 
ranges from 0 to 1, describes the similarity of overall flow trends between actual and 
predicted data. It should be noted that the value of R2 is unable to be referred to as an 
indicator of accuracy in the hydraulic simulation, and thus this parameter only 
represents the consistency of variation between the measured and simulated data. The 
R2 was obtained from the function of regression analysis in Microsoft Excel.  
In order to simplify the review upon the efficiency of the model, the simulated results 
were divided into three categories with respect to the MAE (%); which were below 
15 %, between 15 % and 25 %, and over 25 %. The cases with MAE (%) exceeding 
25 % (4B, 16A, and 20A) were considered as modelling failure and were not presented 
in this section. The non-conservative water recovery (average percentage < 60 %) 
significantly impacted on the precision of the simulation. A correction factor derived 
from the ratio of the volume of influent to the effluent was proposed to improve the 
accuracy of the model. Furthermore, the influence of ET and sludge accumulation on 
the overall hydraulic simulation were evaluated. 
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6.6.1. Simulated results  
The calibration with two degrees of freedom delivered a simple approach to match the 
measured data. The Ks was calibrated in advance to match the maximum effluent flux. 
Then, the initial pressure head was adjusted to fit the flow occurring delay. Both 
criteria have to be weighted simultaneously, where the Ks also impacted on the flow 
occurring time but the initial pressure head had a minor influence on the maximum 
effluent flux.  
There were eight calibrated simulations with MAE (%) below 15 %. Figure 6.8 - 
Figure 6.15 illustrate the simulated results of the effluent flux and cumulative effluent. 
The calibrated initial pressure head (hinit) and saturated hydraulic conductivity of 
sludge layer (Ks), as well as the mean absolute percentage error (MAE(%)) and 
coefficient of determination (R2) of simulated results, are summarized in Table 6.11. 
Furthermore, the relatively high average R2 in the regression analysis (0.81) revealed 
that VF_Sep is promising in simulating the effluent flow. 
 
 













































Measured Effluent Flux Simulated Effluent Flux
Measured Cumulative Effluent Simulated Cumulative Effluent
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 6 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage  Simulation of Hydraulic Behaviour 





Figure 6.9: Simulated results of case 3A (1-12-2015: 75 l) 
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Figure 6.11: Simulated results of case 11A (27-12-2015: 100 l) 
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Figure 6.13: Simulated results of case 20A (28-1-2016: 150 l) 
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Figure 6.15: Simulated results of case 25B (27-2-2016: 50 l) 
 
Table 6.11: Summary of calibrated parameters and error analysis 
No. of test 
A = Wetland A 


















1A 18/11/2015 75 5.00 85.08% -12.00 0.0092 11.63% 0.84 
3A 1/12/2015 75 6.00 71.92% -18.00 0.0062 14.25% 0.80 
8A 16/12/2015 100 6.00 73.41% -34.00 0.0186 14.57% 0.83 
11A 27/12/2015 100 8.00 46.94% -16.00 0.0077 9.76% 0.57 
19B 24/1/2016 125 4.00 88.61% -15.00 0.0105 10.23% 0.87 
20A 28/1/2016 150 3.00 81.37% -10.00 0.0112 11.58% 0.94 
24B 21/2/2016 125 5.00 56.43% -12.00 0.0086 9.99% 0.74 
25B 27/2/2016 50 6.00 76.77% -15.00 0.0323 12.17% 0.92 
Maximum 8.00 88.61% -10.00 0.0323 14.57% 0.94 
Minimum 3.00 46.94% -34.00 0.0062 9.76% 0.57 
Mean 5.38 72.57% -16.50 0.0130 11.77% 0.81 
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The calibration of the proposed hydraulic module successfully reproduced the 
measured effluent flux with respect to varying HLR and sludge thickness.  Table 6.11 
shows that the calibrated hint ranged from -10 to -21 cm, reflecting that the water 
content in the pilot-scale wetland bed remained high after the resting period. On the 
other hand, the deviation of calibrated values of Ks in sludge deposit layer was 
significant from cases to case, ranging from 0.0062 to 0.0323 cm min-1. This 
highlighted that the hydraulic conductivity of this layer could be greatly affected by 
its thickness, water content and the formation of cracks during resting period.  
By calibrating the Ks and hinit, the simulated effluent flux and cumulative effluent 
effectively matched the experimental measurements at the early phase. However, there 
were two exceptions throughout the experiment. In case 8A, the maximum flux was 
only observed after a constant effluent discharge has been observed for 30 minutes, 
and thus the flux during this period was over-predicted since the Ks was calibrated to 
fit the maximum flux. As for case 25B, the simulated result underestimated the first 
effluent flux, but the following simulated results fitted the measured data well. 
The effluent flux at the late stage was generally over-predicted by the proposed model 
and contributed to the majority of the deviations in the error analysis. In the simulation, 
a rapid reduction of effluent flux was illustrated when the surface ponding has 
completely infiltrated. The measured data showed that such deceleration occurred 
earlier than the simulated effluent flux, and led to an over-prediction of approximately 
2 cm in the cumulative effluent. This difference was similar to the water loss from the 
measurements of water balance in the experiments. As mentioned in the previous 
section, the proposed hydraulic module is theoretically conservative. Although the 
water exchange in the immobile regions and the influence of ET had been employed 
to account for the water balance, the simulated results still over-predicted the overall 
cumulative effluent.  
In general, the cases with a high water recovery tended to result in a lower MAE (%) 
in the hydraulic simulation. Nevertheless, two exceptions were observed. In case 11A 
and 24B, the effluent flux was stable at the early phase of treatment, but it 
unpredictably decelerated and instantaneously became insignificant at the late phase 
of treatment. On the other hand, the simulated results illustrated a continuous effluent, 
and thus the major deviations were distributed at the last two points, as shown in Figure 
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6.11 and Figure 6.14. As a result, their MAE (%) were still desirable. However, these 
discrepancies led to poor R2 value, highlighting that low MAE (%) did not deserve a 
desirable R2.  
Figure 6.16 - Figure 6.19 show four cases with calibrated parameters that displayed a 
MAE (%) between 15 and 25 %. The information of operation, values of calibrated 
parameters and error analysis are presented in Table 6.12. Similar to the cases 
explained above, the low water recovery was the main reason for the relatively high 
MAE (%) in the hydraulic simulation. In general, the water recovery obtained in these 
cases were below 70 %, subsequently contributing to significant discrepancies in terms 
of the overall cumulative effluent. These comparisons between laboratory 
measurement and simulated results revealed that the influence of water recovery was 
vital in the modelling of hydraulic behaviour in the VFCW, and thus a correction 


















































Measured Effluent Flux Simulated Effluent Flux
Measured Cumulative Effluent Simulated Cumulative Effluent
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 6 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage  Simulation of Hydraulic Behaviour 





Figure 6.17: Simulated results of case 7B (13-12-2015: 75 L) 
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Figure 6.19: Simulated results of case 23B (16-2-2016: 50 L) 
 
Table 6.12: Summary of calibrated parameters and error analysis 
No. of test 
A = Wetland A 


















6A 12/12/2015 75 5.00 68.14% -14.00 0.0108 18.26% 0.78 
7B 13/12/2015 75 5.00 69.48% -21.00 0.0310 23.21% 0.87 
17B 21/1/2016 100 3.00 47.59% -12.00 0.0020 17.05% 0.52 
23B 16/2/2016 50 4.00 67.43% -12.00 0.0052 21.05% 0.78 
Maximum 5.00 69.48% -12.00 0.0310 23.21% 0.87 
Minimum 3.00 47.59% -21.00 0.0020 17.05% 0.52 
Mean 4.25 63.16% -15.00 0.0124 19.89% 0.74 
Standard deviation 0.83 9.02% 4.12 0.0112 2.40% 0.13 
 
In most cases, the water loss via ET to the atmosphere was too small to influence the 
outflow dynamics, and thus the high volumetric difference between influent and 
effluent was unable to be individually attributed to this mechanism. As the water 
exchange rate between the mobile and immobile region was proportional with respect 
to the gradient of saturation, the stagnant water retained in the substrate brought a 
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minor effect towards the water recovery under the unsaturated condition. In fact, 
stagnant surface water was always found in the late phase of the feeding-drainage cycle, 
which generally appeared with a depth of about 1-2 cm as shown in Figure 6.20. This 
observation implied that the wetland bed might have a limitation of water level that 
induced an effective infiltration and discharge. Such an unforeseen situation alternated 
the prescribed boundary condition, which presumed that the total amount of infiltration 
was ideally equivalent to the hydraulic load. Therefore, a modification to the boundary 
condition, particularly the HLR, was adopted to improve the efficiency of VF_Sep.  
This approach was found in Giraldi and Iannelli (2009), which aimed to calibrate a 
solute transport model with the tracer experiment in a VFCW while the recovery of 
tracer was non-conservative in the laboratory experiment. The authors estimated a new 
influent rate according to the tracer recovery in the effluent and obtained a significant 
improvement in terms of accuracy. In this study, a correction coefficient (CR) was 
derived from the water recovery percentage and was implemented in the boundary 
condition to refine the rate of influent flux. It should be noted that the CR had a limited 
effect upon the cases with a precise prediction for cumulative effluent such as case 
17B, 24B, and 25B. A total of seven cases (1A, 3A, 6A, 7B, 19B, 20A, and 23B) were 
recalibrated with the updated boundary condition that included the CR.  
  
Figure 6.20: Stagnant raw septage at the wetland surface during later stage of 
treatment 
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Figure 6.21 - Figure 6.34 display the comparisons between the simulated effluent flux 
with and without CR, as well as the comparisons between the simulated cumulative 
effluent with and without CR. Table 6.13 shows the comparison between MAE (%) 
and R2 of the simulated results with and without CR. In the recalibration, the initial 
pressure distribution remained the same as the calibrated value in the original 
simulation, but the Ks was increased due to the lower loading rate. The calibrated 
values are presented in Table 6.14. 
According to the temporal plots of effluent flux, the effluent flux at the early phase 
was not affected by the inclusion of CR. Nevertheless, the prediction at the later phase 
was improved significantly compared to the original simulation. Therefore, the 
deviation between the measured and simulated cumulative effluent was greatly 
reduced. Table 6.13 shows that the associated MAE (%) and R2 were significantly 
minimized. The mean of MAE (%) was reduced from 15.74 % ± 4.74 % to 11.06 % 
± 3.17 % and the mean R2 was increased from 0.84 ± 0.05 to 0.89 ± 0.04. The 
improvement is proportional to the water recovery percentage. The cases with low 
water recovery such as case 6A, 7B, and 23B showed remarkable minimization of error, 
while the effect on cases 1A and 19B were relatively minor. 
 
Table 6.13: MAE (%) and R2 of the simulated results with and without CR 
No. of test 
A = Wetland A 





MAE (%) R2 




1A 18/11/2015 85.08% 0.85 11.63% 9.55% 0.84 0.89 
3A 1/12/2015 71.92% 0.72 14.25% 10.48% 0.80 0.82 
6A 12/12/2015 68.14% 0.68 18.26% 10.17% 0.78 0.88 
7B 13/12/2015 69.48% 0.69 23.21% 17.95% 0.87 0.88 
19B 24/1/2016 88.61% 0.89 10.23% 9.83% 0.87 0.93 
20A 28/1/2016 81.37% 0.81 11.58% 7.08% 0.94 0.97 
23B 16/2/2016 67.43% 0.67 21.05% 12.46% 0.78 0.88 
Maximum 88.61% 0.89 23.21% 17.95% 0.94 0.97 
Minimum 67.43% 0.67 10.23% 7.08% 0.78 0.82 
Mean 75.90% 0.76 15.74% 11.07% 0.84 0.89 
Standard deviation 8.25% 0.08 4.74% 3.17% 0.05 0.04 
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Figure 6.21: Simulated effluent flux with and without correction coefficient of 
case 1A (18-11-2015: 75 L) 
 
 
Figure 6.22: Simulated cumulative effluent with and without correction 
coefficient of case 1A (18-11-2015: 75 L) 




















Measured Effluent Flux Simulated Effluent Flux (Without CR)
Simulated Effluent Flux (With CR)



























Simulated Cumulative Effluent (Without CR)
Simulated Cumulative Effluent (With CR)
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 6 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage  Simulation of Hydraulic Behaviour 





Figure 6.23:  Simulated effluent flux with and without correction coefficient of 
case 3A (1-12-2015: 75 L) 
 
 
Figure 6.24: Simulated cumulative effluent with and without correction 
coefficient of case 3A (1-12-2015: 75 L) 
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Figure 6.25: Simulated effluent flux with and without correction coefficient of 
case 6A (12-12-2015: 75 L) 
 
 
Figure 6.26: Simulated cumulative effluent with and without correction 
coefficient of case 6A (12-12-2015: 75 L)  
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Figure 6.27: Simulated effluent flux with and without correction coefficient of 
case 7B (13-12-2015: 75 L) 
 
 
Figure 6.28: Simulated cumulative effluent with CR of case 7B (13-12-2015: 75 L) 
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Figure 6.29: Simulated effluent flux with and without correction coefficient of 
case 19B (24-1-2016: 125 L) 
 
 
Figure 6.30: Simulated cumulative effluent with and without correction 
coefficient of case 19B (24-1-2016: 125 L) 
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Figure 6.31: Simulated effluent flux with and without correction coefficient of 
case 20A (28-1-2016: 150 L) 
 
 
Figure 6.32: Simulated cumulative effluent with and without correction 
coefficient of case 20A (28-1-2016: 150 L) 
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Figure 6.33: Simulated effluent flux with and without correction coefficient of 
case 23B (16-2-2015: 50 l) 
 
 
Figure 6.34: Simulated cumulative effluent with and without correction 
coefficient of case 23B (16-2-2015: 50 l) 
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Table 6.14: Summary of calibrated Ks  
No. of test 
A = Wetland A 









1A 18/11/2015 85.08% 0.85 0.0092 0.0101 
3A 1/12/2015 71.92% 0.72 0.0062 0.0072 
6A 12/12/2015 68.14% 0.68 0.0108 0.0135 
7B 13/12/2015 69.48% 0.69 0.0310 0.0331 
19B 24/1/2016 88.61% 0.89 0.0105 0.0117 
20A 28/1/2016 81.37% 0.81 0.0112 0.0125 
23B 16/2/2016 67.43% 0.67 0.0052 0.0062 
Maximum 88.61% 0.89 0.0310 0.0331 
Minimum 67.43% 0.67 0.0052 0.0062 
Mean 75.90% 0.76 0.0120 0.0135 
Standard deviation 8.25% 0.08 0.0080 0.0084 
The CR in the simulation effectively compensates the error caused by the difference 
of water balance. Nevertheless, the current experimental outcome was insufficient to 
derive a global factor to tolerate the discrepancies in terms of water recovery between 
cases. In order to identify a minimum level of surface water that stimulates the effluent, 
a systematic investigation with regards to the residual of influent throughout the 
experiment is necessary for the future research. 
6.6.2. Sensitivity Analysis: ET and Sludge Accumulation 
The simulated results without CR overestimated the exact effluent flux from the pilot-
scale VFCW. From the perspective of water budget, the excellent dewatering 
performance of sewage sludge in the VFCWs depends on the draining through the 
substrate and the ET through the vegetation (De Maeseneer 1997; Edwards et al. 2001). 
Therefore, the consideration of water loss via the atmosphere is able to improve the 
accuracy of the hydraulic simulation (Galvão et al. 2010).  
Although ET was estimated using the Penman-Monteith equation (Zotarelli et al. 2010) 
with the climatic data (temperature, humidity and wind speed), the comparison showed 
that its influence was minor to the overall hydraulic behaviour. In fact, most of the 
advanced mechanistic models considered this influence in the hydraulic module 
(Giraldi, de Michieli Vitturi and Iannelli 2010; Ouyang, Luo and Cui 2011), but the 
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discussion with regards to its contribution was always limited in the literature. This 
gap of knowledge is due to the difficulty in quantifying the rate of ET in the VFCW 
(Borin et al. 2011). In this study, such a specific measurement was not carried out. The 
lack of data subsequently led to the controversial assumption with regards to the 
relative contribution between the ET and draining in terms of dewatering mechanism. 
Stefanakis and Tsihrintzis (2011) claimed that the ET was the main dewatering 
mechanism in the sludge treatment wetland, and the rate of such water loss showed a 
relation with the loading rate. However, the water recovery obtained from the proposed 
system treating septage was found to be relatively high, subsequently highlighting the 
dominant role of drainage.  
ET is a slow dewatering process. Its efficiency is dependent on the weather and 
vegetation conditions, as well as the saturation level of the wetland bed. The high 
temperature and windy weather in Malaysia are favourable for this dewatering 
mechanism. However, the humid air potentially limits the efficiency. The common 
reeds used in the pilot system is one of the most common vegetation used for the CW 
system because of its remarkable transpiration ability, rapid growth rate, and 
impressive tolerance to the contaminants and ponding (Białowiec, Wojnowska-Baryła 
and Agopsowicz 2007). However, the coverage of common reeds was less dense in 
the pilot-scale VFCW. The initial density was nine clumps per bed and the new shoots 
were only observed around the original clump. Figure 6.35 displays the growth 
condition of the common reeds in the pilot system. The common reeds reached up to 
1.50 m tall in the few original clumps, but the overall growth was less desirable due to 
the relatively short period of acclimatization. As the ET rate showed a dependency on 
the growth of vegetation (Białowiec, Wojnowska-Baryła and Agopsowicz 2007), the 
index used to represent the vegetation in the hydraulic simulation, which is the LAI in 
the Penman-Monteith equation, was necessary to be properly calibrated.  
In this study, the average height of crops was assumed to be 1 m and the empirical 
factor for LAI was assumed to be 4. The PET rate was then estimated according to the 
weather data and parameters as listed in Table 6.7 and Table 6.8, respectively. The 
estimated values are presented in Table 6.15. The PET rate was between 0.55 and 1.00 
cm d-1 and the average rate was 0.70 ± 0.17 cm d-1. There was no specific study carried 
out to measure the ET rate in a wetland bed with common reeds in Malaysia. 
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Figure 6.35: The growth condition of common reeds during experiment 























2015-11-18 322 29.00 24.00 100.00 71.00 2.22 0.56 
2015-12-01 335 31.00 25.00 100.00 66.00 1.94 0.62 
2015-12-12 346 31.00 25.00 100.00 70.00 1.67 0.58 
2015-12-13 347 31.00 25.00 100.00 69.00 1.39 0.57 
2015-12-16 350 28.00 24.00 100.00 69.00 1.39 0.55 
2015-12-27 361 32.00 24.00 100.00 62.00 2.22 0.67 
2016-01-21 21 30.00 25.00 100.00 70.00 1.39 0.58 
2016-01-24 24 32.00 24.00 94.00 37.00 3.61 1.00 
2016-01-28 28 31.00 24.00 100.00 66.00 1.67 0.57 
2016-02-16 47 31.00 24.00 94.00 51.00 2.50 0.81 
2016-02-21 52 31.00 25.00 89.00 55.00 4.17 0.93 
2016-02-27 58 32.00 26.00 89.00 54.00 3.89 0.97 
Maximum 32.00 26.00 100.00 71.00 4.17 1.00 
Minimum 28.00 24.00 89.00 37.00 1.39 0.55 
Mean 30.75 24.58 97.17 61.67 2.34 0.70 
Standard Deviation 1.16 0.79 4.26 9.99 0.97 0.17 
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However, the estimated rate was comparable to a study of ET in a irrigated rice field 
in Malaysia (Oryza sativa) (Abdullahi et al. 2013), which obtained a maximum rate of 
0.73 cm d-1.  Białowiec, Wojnowska-Baryła, and Agopsowicz (2007) found a 
maximum ET rate up to 0.49 cm d-1 in a CW vegetated with common reeds during 
summer. Stefanakis and Tsihrintzis (2011) measured a cumulative ET of 243.35 cm 
throughout a year (October 2008 to October 2009, daily average ET rate = 0.67 cm d-
1) in a sludge drying reed bed. Borin et al. (2011) and Milani and Toscano (2013) 
reviewed the available data of ET rate of common reeds in literature and indicated that 
the range was between 0.02 and 5.70 cm d-1, and most cases showed a maximum rate 
below 1 cm d-1. In addition, the same study revealed that the ET rate in a pilot-scale 
CW system can be up to 5.40 cm d-1 in Mediterranean region due to the massive growth 
of common reeds (plant coefficient can be up to 8.5). As a result, the measurement of 
ET rate in the literature reflected that the simulated results in this study were within a 
reasonable range and the plant coefficient of 1 was a reasonable assumption.  
VF_Sep considered the influence of sludge accumulation by accounting the flow delay 
caused by the accumulation of sludge deposit during infiltration. The current approach 
simulated the sludge accumulation as a function of time and the resistance was 
estimated from the variation of thickness in the top spatial layer, while its hydraulic 
properties remained constant in the simulation. The accumulation rate of sludge 
deposit was estimated according to the concentration of total solids (TS) constituted in 
the raw septage and infiltration rate, which has been described in section 4.1.3. The 
simulated thickness of sludge accumulation ranged between 0.01 cm and 0.29 cm, 
however, such a thin layer was difficult to be physically measured and thus the 
verification of these results was excluded.  
The effect of ET and sludge accumulation (SA) upon the hydraulic simulation were 
simultaneously evaluated by the comparison to the simulated result as displayed in 
Figure 6.36 - Figure 6.47. In most cases, the combined effect was negligible due to the 
low ET rate and thin sludge accumulation throughout the simulation. Cases 11A, 23B, 
and 24B showed a visible reduction in the effluent flux and cumulative effluent due to 
the relatively high ET rate and sludge accumulation, but the associated improvement 
of accuracy were still insignificant.  
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Table 6.16: Simulated sludge accumulation in each case 
No. of test 
A = Wetland A 














1A 18/11/2015 75 0.85 5 3.40 255.00 0.03 
3A 01/12/2015 75 0.72 6 4.80 360.00 0.02 
6A 12/12/2015 75 0.68 5 1.60 120.00 0.02 
7B 13/12/2015 75 0.69 5 1.40 105.00 0.01 
8A 16/12/2015 100 - 6 12.80 1280.00 0.16 
11A 27/12/2015 100 - 8 12.60 1260.00 0.13 
17B 21/01/2016 100 - 3 19.50 1950.00 0.14 
19B 24/01/2016 125 0.89 4 2.70 337.50 0.02 
20A 28/01/2016 150 0.81 3 3.20 480.00 0.05 
23B 16/02/2016 50 0.67 4 8.90 445.00 0.04 
24B 21/2/2016 125 - 5 18.60 2325.00 0.29 
25B 27/2/2016 50 - 6 14.70 735.00 0.09 
Max. 8 19.5 2325.00 0.29 
Min. 3 1.40 105.00 0.01 
Mean 5 8.68 804.38 0.08 
Standard deviation 1.35 6.43 705.48 0.08 
 
 
Figure 6.36: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 1A (18-11-2015: 75 L) 
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Figure 6.37: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 3A (1-12-2015: 75 L) 
 
 
Figure 6.38: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 6A (12-12-2015: 75 L) 
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Figure 6.39: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 7B (13-12-2015: 75 L) 
 
 
Figure 6.40: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 8A (16-12-2015: 100 L) 
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Figure 6.41: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 11A (27-12-2015: 100 L) 
 
 
Figure 6.42: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 17B (21-1-2016: 100 L) 
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Figure 6.43: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 19B (24-1-2016: 125 L) 
 
 
Figure 6.44: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 20A (28-1-2016: 150 L) 
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Figure 6.45: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 23B (16-2-2016: 50 L) 
 
 
Figure 6.46: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 24B (21-2-2016: 125 L) 
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Figure 6.47: Comparison between simulation with- and without 
evapotranspiration and sludge accumulation for case 25B (21-2-2016: 50 l) 
In general, the ET rate is extremely low compared to the rapid effluent flux in the pilot-
scale VFCW. Since the evapotranspiration is a function of time, its role could be 
noteworthy when the simulation time is extended to a feeding-draining-feeding cycle 
(e.g. the resting period is included in the hydraulic simulation). This can be observed 
from the comparison between the simulated results of cumulative effluent, where the 
difference was more significant at the end of simulation time. Moreover, the ET 
becomes the dominant dewatering mechanism when the wetland bed is fully covered 
by well-grown common reeds, and thus it is an essential module in the simulation of 
VFCW. In future research, a laboratory quantification of ET should be carried out with 
the measurement of water content in the top layers to verify the values.  
The modelling of flow delay due to the sludge accumulation was less affected by the 
simulation time because of its instantaneous formation. This could be observed in 
cases 24B and 25B, where the cumulative ET was only accounted for a relatively short 
simulation time, but the sludge accumulation imposed a visible reduction in the 
cumulative effluent. In general, TS concentration was low in influent, and thus the 
new-forming sludge layer was predicted to be thin. Consequently, the influence of 
sludge accumulation on the overall hydraulic simulation was insignificant. As the 
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fundamental stage, it was only aimed to deliver a simultaneous sludge accumulation 
during the infiltration. 
In fact, the hydraulic conductivity in sludge deposit layer was reduced due to the 
incoming solids that block the water flow path, and thus a stagnant water pond was 
always observed at the end of the experiment. Therefore, the estimation of pressure 
drop due to the gradual clogging using the Kozeny-Carmen equation (Giraldi, de 
Michieli Vitturi and Iannelli 2010) is suggested to be incorporated with the current 
module of sludge accumulation to improve the accuracy of the hydraulic simulation. 
Nevertheless, the current knowledge with regards to the swelling and shrinkage in the 
sludge deposit layer and the mechanism of sludge accumulation were lacking in the 
literature (Molle 2014). Accordingly, a further investigation towards the relation 
between the hydraulic properties of sludge deposit layer, the accumulation rate of the 
sludge thickness, and the physical and chemical characteristics of raw septage is 
required to empirically simulate the sludge accumulation during loading.  
6.6.3. Validation with HYDRUS-1D 
In order to validate the capability of VF_Sep, the simulation of the outflow dynamics 
was compared to a commercially available hydraulic simulator, HYDRUS-1D. The 
same hydraulic parameters and initial conditions were implemented in HYDRUS-1D, 
but the effect of ET and sludge accumulation were not available in the simulation. 
Figure 6.48 - Figure 6.51 present the selected cases for the comparison.  
In general, the simulated outflow dynamics obtained from both models are comparable, 
especially the peak flux and deceleration. The main difference between the simulations 
was found to be the delay of the flow occurrence, where HYRDRUS-1D showed a 
more rapid flow compared to the VF_Sep. This deviation appeared to be dependent on 
the flux rate. A slower flux tended to result in a more significant difference as shown 
in Figure 6.49, while a rapid flux illustrated a minor deviation (Figure 6.48 and Figure 
6.51). As indicated in section 6.6.2, the influence of ET and sludge accumulation was 
insignificant towards the outflow at the early stage, and thus the deviation was 
attributed to the different assumption and numerical method used to develop the model.  
The results obtained from HYDRUS-1D displayed numerical dispersion in certain 
cases. Figure 6.50 showed that the performance of HYDRUS-1D was unstable when 
a relatively wet condition was implemented, where significant numerical dispersion 
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Figure 6.48: Comparison between HYDRUS-1D and VF_Sep for case 1A (18-11-
2016: 75 L) 
 
 
Figure 6.49: Comparison between HYDRUS-1D and VF_Sep for case 3A (1-12-
2016: 75 L) 
 
 
Figure 6.50: Comparison between HYDRUS-1D and VF_Sep for case 17B (21-1-
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Figure 6.51: Comparison between HYDRUS-1D and VF_Sep for case 19B (24-1-
2016: 125 L) 
was observed throughout the simulation. Besides, the numerical dispersion was also 
observed in case 3A (Figure 6.49) at a certain period of simulation. Meanwhile, the 
VF_Sep performed steadily under varying conditions.  
The good match between the VF_Sep and HYDRUS-1D indicated that the proposed 
model is a reliable and robust simulator, which is capable of handling various 
parameters and conditions. Case 3A showed that significant discrepancy was observed 
in the early stage of outflow. However, it was unable to justify which model provided 
a more accurate simulation at the current stage, where a comprehensive mathematical 
study was required to analyse their computational capacity. The overall performance 
of VF_Sep was considered to be satisfactory to describe the hydraulic behaviour in a 
VFCW.  
6.7. Summary 
In summary, the proposed hydraulic module in VF_Sep works well in reproducing the 
effluent flux in the pilot-scale VFCW. The substrate profile was subdivided into the 
top sludge deposit layer (thickness was obtained from physical measurement), 
intermediate layer (5 cm), small-sized gravel layer (22 cm) and medium-sized gravel 
layer (27 cm), and the drainage layer was excluded in the domain of simulation due to 
its short retention time. The upper boundary condition was set to be switchable 
between temporal flux-controlled and head-controlled to describe the loading and 
temporary ponding. The lower boundary condition was set to be free drainage.  
The hydraulic parameters of the substrate material were calibrated to match the 
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error analysis. To achieve this, a preliminary sensitivity analysis was carried out to 
evaluate the influence of hydraulic parameters in the simulation. It was found that the 
hydraulic conductivity of sludge deposit layer and the initial pressure distribution are 
the most significant parameters in calibrating the peak flux and flow occurring time, 
respectively. Other hydraulic parameters were postulated to be constant in all cases.  
In general, VF_sep promisingly simulated the effluent flux in the pilot-scale VFCW 
with respect to the varying HLR and sludge thickness. In this study, the MAE (%) and 
regression analysis (R2) were used to evaluate the accuracy of the simulated results. 
The proposed model was calibrated to fit fifteen cases with the “typical flow” pattern, 
but three cases showed MAE (%) exceeding 25 % and were considered as modelling 
failure. In the remaining cases, eight cases showed MAE (%) below 15 % and four 
cases showed MAE (%) between 15 % and 25 %. The average value of R2 was above 
0.75, indicating the good ability of hydraulic module in reproducing the trends of 
effluent flux in VFCW system.  
The analysis of the simulated result showed that the majority of the error can be 
attributed to the low water recovery in the laboratory experiment. In fact, a stagnant 
water pond was always observed throughout the experiment, which implied that the 
wetland bed characterized a minimum depth of surface water to discharge the percolate. 
This phenomenon caused a significant level of discrepancies to the prescribed loading 
rate in the hydraulic simulation. Therefore, a correction factor (CR) was derived from 
the water recovery and was implemented in the upper boundary condition to optimize 
the hydraulic load. Accordingly, the simulated results showed a great improvement in 
MAE (%) and R2, but this approach required further validation by investigating the 
mechanism causing the stagnant surface water in the pilot system. 
The simulated result revealed that the effect of ET and sludge accumulation were 
relatively minor towards the hydraulic behaviour. In VF_Sep, the water loss via ET 
was estimated using the Penman-Monteith equation with the weather data and the rate 
was reasonable compared to the literature data. However, the estimated rate was 
generally much slower than the rapid effluent flux, and thus its influence was only 
significant when the simulation time was extended. As a fundamental study to account 
the sludge accumulation in the hydraulic simulation, the current approach only 
estimated the flow delay caused by the thickness of the sludge deposit during 
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infiltration. The variation of hydraulic properties in sludge deposit layer should be 
incorporated with the current approach by implementing a clean bed theory such as 
the Kozeny-Carman equation to describe the influence of instantaneous sludge 
accumulation. Overall, the good match between VF_Sep and HYDRUS-1D indicates 
that the proposed model is a reliable and robust simulator, and is capable of 
encountering various parameters and conditions in the VFCW.
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Chapter 7 Simulation of Nitrogen Dynamics 
 
According to the measured data, the first stage treatment of the pilot-scale, two-stage 
VFCW-based septage treatment system demonstrated an excellent aeration capacity 
and removed solids content and organic matter effectively. Nevertheless, the overall 
nitrogen removal was less effective, as excessive NH4
+-N and NO3
--N were always 
observed in the effluent. In addition, the fluctuating quality of effluent within a short-
term, feeding-draining cycle highlighted the dynamic behaviour of treatment processes 
in the pilot-scale VFCW. 
The VFCW can be regarded as a combination of physical filter and aerobic fixed 
biofilm reactor. Since the influent was not impounded in the wetland bed, the treatment 
of nitrogenous compounds occurred along the percolation pathway as a result of 
physical, biological and chemical processes. In the proposed model, the advection-
dispersion equation (ADE) was used to numerically simulate the transport of 
contaminants throughout the wetland bed. Due to the variable saturation in the wetland 
bed, the degree of mixing of contaminants could be highly dynamic along the profile. 
The particulate nitrogen only exists in Org-N form, and its removal is mainly attributed 
to the physical filtration of solids. On the other hand, the removal of dissolved nitrogen 
is by means of a number of biochemical mechanisms including ammonification, 
nitrification, and adsorption. The associated removal rate is highly dependent on the 
transport pattern and limiting factors such as the distribution of biofilm, oxygen 
content, alkalinity, and others. The complexity of the interaction between these factors 
is the main challenge to numerically reproduce the nitrogen dynamics in the VFCWs. 
The batch loading of septage through the variably-saturated substrate is an extensive 
operating strategy aimed at stimulating the aerobic process. Nevertheless, such an 
irregular load pattern results in a random alteration of loading and resting phases. Since 
the percolate from the wetland bed is the major risk to the public, the simulation of the 
treatment processes was focused on the loading phase and the following resting period 
is excluded. The hydraulic simulation mentioned in Chapter 6 was used to reproduce 
the transport and fate of contaminants throughout the substrate by coupling with ADE 
and bio-kinetics sub-module. In this chapter, the dynamics of NH4
+-N and NO3
--N 
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were modelled by calibrating the relevant parameters and initial condition according 
to the data obtained from the laboratory experiments. 
7.1. Simulation setup 
7.1.1. Fundamental concepts 
As the VF_Sep is a 1D reactive transport model, it describes the processes in the 
VFCW as a series of continuous stirred tank reactors (CSTRs). The wetland bed was 
discretized into multiple horizontally-homogenous layers, and each layer can be 
described as a CSTR. Eleven components were considered in the proposed model, 
including oxygen, alkalinity, organic matter, nitrogenous constituents, and active 
biomass. This study focused on the simulation of nitrogen dynamics, and thus the 
simulated results of the dynamics of ammonium (SNH) and nitrate (SNO) were expected 
to match with the data obtained from the pilot-scale VFCW. 
The surface filtration, adsorption, vegetation uptake and biological processes are the 
mechanisms involved in the modelling of contaminant removals. The surface filtration 
describes the straining of particulate matter at the wetland surface, including the slowly 
biodegradable organic matter (XS) and the particulate inert organic matter (XI). The 
adsorption was only implemented in the transport of SNH. In addition to this, both SNH 
and SNO are potentially extracted by the vegetation as the nutrient source. All of these 
removal mechanisms were simulated as sink terms in the transport module. However, 
their contributions are limited to the nitrogen removal, where the biological process is 
still the dominant mechanism in removing nitrogenous constituents.  
The basic concept of the biological process is to quantitatively express the substrate 
consumption by the biomass growth (Grady Jr et al. 2011). According to the measured 
data, the ammonification of Org-N and nitrification of NH4
+-N were the major process 
in the pilot-scale VFCW-based septage treatment system. Denitrification was not 
observed throughout the experiment due to the aerated wetland bed. Therefore, the 
autotrophic biomass (XA), which is the essential bacteria in the decomposition of SNH, 
plays a major role compared to the heterotrophic biomass (XH) in the calibration of the 
proposed model.  
The ammonification process was included in the hydrolysis of slowly biodegradable 
organic matter (XS). Although this process is independent from oxygen content, it is 
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constrained by the population of XH. Nitrification was simulated as a one-step process 
in the bio-kinetics module. Although the dynamics of SS was not the main concern in 
this study, the competition between aerobic degradation process and nitrification for 
DO potentially influences the nitrogen dynamics. Nevertheless, the high DO 
concentration in the effluent revealed that this component was not limited throughout 
the treatment, and thus this effect was assumed to be negligible. Additionally, the SNH 
and SNO was set to be extracted along with the water uptake by the vegetation. The 
active uptake of nutrient was excluded in VF_Sep.  
The roles of XS in the nitrogen dynamics is only the release of SNH in the process of 
hydrolysis. Therefore, the trapped XS at the top layer theoretically increases the 
concentration of SNH. SNH is consumed as a nutrient in the development of XH. Due to 
the high organic load in the septage treatment, this effect could be significant towards 
the nitrogen balance in the wetland bed. VF_Sep simplified the decay of biomass as a 
lysis process, which is a first-order reaction and is free from the limiting reagent in the 
system. The lysis of biomass generates inert organic matter (SI and XI) in the treatment 
unit, which has no effect on the stoichiometric coefficient of other components. The 
dinitrogen (SN2) is the final product of denitrification, and thus its concentration is 
independent from the stoichiometric coefficient and Monod kinetics of other 
components.  
In addition to SO, the alkalinity (SHCO) is a limiting factor in the biological treatment 
process. In the experiments, pH remained at a favourable range for biochemical 
process, where Grady Jr et al. (2011) highlighted that a pH below 6.6 might inhibit the 
efficiency of nitrification. There was no remarkable pH drop observed in the effluent, 
which implies that the demand of alkalinity is sufficient throughout the treatment. 
Accordingly, it was assumed that the alkalinity is not limited in the system, and thus 
its term in the reactions was set to be 1 to simplify the calibration.  
Accordingly, the presence of active biomass is essential to stimulate the biological 
process. In the VFCW, the active biomass was simulated as biofilms that attached on 
the surface of porous medium, which is stationary in the wetland bed. Therefore, the 
contaminants are treated when contacting with the attached-growth biofilm during 
percolation. Consequently, the transport of contaminants eventually governs the 
residence time in the treatment unit to stimulate the biofilm-mediated processes.  
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The proposed model investigates the biodegradation at a macroscopic level. The 
biofilm-mediated processes were assumed to occur under a full contact condition, 
where the concentration of active biomass is the key in the simulation. The variation 
of biofilm thickness, diffusion efficiency between the liquid-biofilm interface and 
other microscopic parameters were excluded from the scope of study.   
Another important criteria in the biological treatment is the saturation level in the 
wetland bed. It should be noted that the occurrence of biological processes was 
assumed to be in the liquid phase. Therefore, the kinetics rates of biological processes 
were implemented as functions of water content. As the batch loading creates an 
unsaturated condition, the variability of water content along the depth of wetland bed 
greatly affects the efficiency of treatment. The precision of the simulation of hydraulic 
behaviour and transport of contaminants is vital to accurately predict the nitrogen 
dynamics in the pilot-scale VFCW.  
7.1.2. Transport parameters  
The transport of contaminants was modelled using the ADE approach. In the proposed 
model, the ADE was coupled with the volumetric water content to describe the degree 
of mixing of particular contaminants under a variably-saturated condition. The 
advection term is derived based on the nodal flux simulated in the hydraulic module 
and no external parameter is required. Besides, the hydraulic dispersion is a combined 
effect of mechanical dispersion and molecular diffusion. Giraldi, de Michieli Vitturi, 
and Iannelli (2010) indicated that the effect of molecular diffusion can be negligible 
in the liquid phase, and thus it is excluded to simplify the simulation.  
Mechanical dispersion refers to the acceleration or deceleration of contaminant 
transport from the average flux rate. It is mainly caused by the mixing along the non-
uniform water flow paths in a homogenous porous medium. In the proposed one-
dimensional model, this effect was described as a product of average flux rate and 
longitudinal dispersity (DL). The DL was assumed as a constant in a homogenous 
porous medium. Nevertheless, there is limited information about the dispersivity of 
the coarse porous medium, especially for gravel bed.  
The typical values of DL used in Langergraber and Šimůnek (2006) were low, ranging 
from 1.25 cm to 3.00 cm for the sand bed. On the other hand, Toscano et al. (2009) 
employed a DL of 15 cm in modelling a pilot-scale VFCW constructed by fine gravel 
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(0.06 – 4.00 mm). Fuchs (2009) used a DL of 3 cm for a sand bed. Giraldi et al. (2009) 
highlighted the close correlation between the DL and saturation degree in a gravel-
based VFCW, and a set of tracer experiment was carried out to calibrate the DL. The 
authors concluded that the DL for the completely saturated, partially saturated, and 
draining condition were 4.50 cm, 10 cm, and 14 cm, respectively. As the proposed 
model has described the flux as a function of water content, the variation of DL with 
regards to the saturation degree was assumed to be negligible.  
Similar to the hydraulic parameters, the literature data showed that the DL of wetland 
bed is variable from case to case. In fact, Delgado (2007) highlighted that it was 
“basically impossible” to determine its exact characteristic of transport mechanism due 
to the highly irregular structure of a porous medium. Therefore, the current transport 
equation is developed based on the method of spatial averaging to obtain the average 
concentration in the porous medium. From the aspect of porous medium, the DL is 
dependent on the distance travelled, flux rate, particle diameter, distribution of particle 
size, and particle shape (Delgado 2006). The influence of the viscosity, density and 
temperature on DL was neglected in this study. This study assumed that the irregularity 
in the porous medium with coarser grain size is higher, which results in a more 
significant dispersion. In general, the DL is calibrated according to the non-reactive 
tracer experiment. However, the tracer experiment carried out in this study 
demonstrated a poor mass recovery, and thus it was not suitable to be referred to 
calibrate the parameters. As a result, the DL of the wetland beds (sludge deposit layer, 
intermediate layer, small size gravel layer, and medium size gravel layer) was directly 
calibrated to fit the concentration of NH4
+-N in the effluent.  
The contaminants such as organic carbon and NH4
+-N are potentially adsorbed onto 
the surface of the porous medium. As the concept of dual-porosity was adopted in this 
study, the adsorption capacity was dependent on the water content in the mobile and 
immobile region. In this study, the adsorption was considered as a kinetic process in 
the transport of NH4
+-N only, which is similar to CW2D (Langergraber and Šimůnek 
2006). Therefore, the fraction of mobile site (fmo) was set to be 1 and the fraction of 
equilibrium site (fE) was set to be 0. 
The biological process in the VFCW is generally described as an attached-growth 
wastewater treatment. Thus, the active biofilm was only defined in the solid phase. 
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There is no mass transport term included in its dynamics and the growth is only 
affected by the bio-kinetics. As the detachment of attached biofilm was excluded in 
the proposed model, the washout of active biomass was described based on the lysis 
process. The degradation of biomass releases XI, SI and a certain amount of SNH back 
to the percolate and is eventually drained from the system. The physical filtration was 
implemented to describe the transport of particulate organic matter. This mechanism 
was simulated as a function of the solids retention coefficient, and the deep bed 
filtration was not considered in the proposed model. The value of coefficient was 
estimated from the average removal rate of total solids throughout the experiment, 
where 0.80 was employed in all simulation. 
7.1.3. Bio-kinetics parameters 
The level of parameterization is an important measurement for the applicability of the 
mechanistic model. Although the increment of the model complexity results in a better 
simulation of the reality, Meyer et al. (2015) highlighted that it is required to be 
weighted for its practicability in handling. As the proposed model generally consists 
of the bio-kinetics module inspired by the ASM (Henze et al. 1999), a number of 
parameters were involved as the inputs to perform the simulation. The simplification 
of the bio-kinetics module requires fifteen parameters, which consist of two parameters 
for hydrolysis, eight parameters for the decomposition of organic matter (aerobic 
decomposition and denitrification) and five parameters for nitrification.  
Due to the concern of model complexity, it is impractical to experimentally identify or 
calibrate every parameter in the bio-kinetics module to match the data from an 
experiment or full-scale system. Therefore, this study aims to employ a set of reference 
parameters to simulate the nitrogen dynamics of all experiments. The measurement of 
the bio-kinetics parameters was not included in the scope of the study, and thus the 
values were obtained from the literature.  
There was limited information with regards to the kinetics and stoichiometric 
parameters in reproducing the biochemical processes in the VFCW. Five set of kinetics 
parameters, including McBride and Tanner (1999), Langergraber and Šimůnek (2005), 
Fuchs (2009), Petitjean et al. (2012) and Pálfy et al. (2016), were reviewed and 
compared to the typical values used in the ASM2D (Henze et al. 1999).  
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McBride and Tanner (1999) proposed a model to predict the development of biofilm 
in a subsurface CW, which is regarded as the fundamental study to describe the 
biochemical processes in the CW-based wastewater treatment system. CW2D 
(Langergraber and Šimůnek 2005) is one of the most comprehensively established 
model for VFCWs, which has been successfully applied to the treatment of sewage 
(Langergraber and Šimůnek 2005; Toscano et al. 2009; Fuchs 2009; Morvannou et al. 
2014) and combined sewer overflow (CSO) (Dittmer, Meyer and Langergraber 2005; 
Henrichs, Welker and Uhl 2009; Pálfy et al. 2016). These studies proposed different 
approaches to calibrate the model, however, most of the parameters were directly 
referred to the standard values proposed in Langergraber and Šimůnek (2005) excepted 
for Fuchs (2009) and Pálfy et al. (2016). Petitjean et al. (2012) proposed a simplified 
module of CW1M (Langergraber, Rousseau, et al. 2009a), which excluded the anoxic 
denitrification in the bio-kinetics.  
Table 7.1 summarizes the kinetics parameters used in these studies (at 20˚C). These 
parameters consist of process rate constants and saturation coefficients of limiting 
substrates. As the alkalinity term in the Monod-type rate expression was assumed to 
be unlimited in this study, its relevant parameter was not included in this review. In 
brief, the process rates varied among the studies, but the typical values of saturation 
coefficient are similar.  
Due to the favourable aerobic condition in the VFCW treating septage, the most 
important process in the nitrogen removal is nitrification. In this study, the nitrification 
was simulated as a single-step process and the limiting components include oxygen 
and NH4
+-N. In CW2D, nitrification was a two-step process. The autotrophic biomass 
was subdivided into two groups, where Nitrosomonas oxidizes NH4
+-N to NO2
-- N, 
and then it is further oxidized by Nitrobacter to NO3
-- N. Therefore, there were two 
sets of rate constants and saturation coefficients to describe the complete nitrification 
in the VFCW.  
In general, the rate of maximum growth and lysis of the XA were low compared to the 
XH. In ASM2D, the maximum growth rate of autotrophic biomass (μA) was 1 d
-1. The 
same value was used in Petitjean et al. (2012), while the values used in McBride and 
Tanner (1999) was only 0.50 d-1. The μA of Nitrosomonas and Nitrobacter in 
Langergraber and Šimůnek (2005) were 0.90 d-1 and 1.00 d-1, respectively.  
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kH  d-1 3.00 5.00 3.00 0.05 3.00 0.20 
KX  mgSS mgXS-1 0.10 0.20* 0.10 0.10 0.10 - 
Heterotrophic Biomass 
μH  d-1 6.00 5.00 6.00 0.70 6.00 0.04 
bH  d-1 0.40 0.02 0.40 0.10 0.09 - 
ηH  - 0.80 0.80 0.80 0.00 - - 
KH,O  mgSO l-1 0.20 0.20 0.20 0.20 0.20 - 
KH,S  mgSS l-1 2.00 4.00* 2.00 2.00 2.00 - 
KH,NO  mgNO l-1 0.50 0.50 0.50** 0.50** - - 
KH,NH  mgNH l-1 0.01 0.05 0.05 0.05 0.05 - 
Autotrophic Biomass 










KA,O  mgSO l-1 0.50 0.50 
0.10NH/ 
1.00 NO** 
0.10NH/    
1.00NO** 
0.50 0.07** 
KA,NH  mgNH l-1 1.00 1.00 0.50** 0.50** 0.50 - 
*on fermentable substrate 
**CW2D described the nitrification and denitrification as a two-step process. The saturation constants 
for reduction of NO2-- N and NO3- -N were same in the model. The maximum growth rate and saturation 
constants for oxidation of NH4+-N and NO2-- N were varying in the model. The superscript NH indicates 
the values used for first step nitrification, and the superscript NO indicates the values for second step 
nitrification. 
Fuchs (2009) estimated a μA of 0.40 d
-1 for both nitrifying bacteria, where the author 
indicated that the rate constants used in the long-term simulation (30-day) could be 
significantly different from the simulation of a single hydraulic load. The μA employed 
in Pálfy et al. (2016) were extremely low compared to other studies, which were 0.03 
d-1 and 0.04 d-1 for Nitrosomonas and Nitrobacter, respectively.  
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The decay rate of autotrophic biomass (bA) used in the ASM2D, Langergraber and 
Šimůnek (2005) and Petitjean et al. (2012) were 0.15 d-1, while McBride and Tanner 
(1999) implemented a low bA of 0.02 d
-1. On the other hand, the value of bA used in 
Fuchs (2009) for  Nitrosomonas and Nitrobacter were 0.28 d-1 and 0.30 d-1, 
respectively. Accordingly, the net growth rate of Nitrosomonas and Nitrobacter were 
0.12 d-1 and 0.10 d-1, respectively, which were much lower than other typical values.  
In the Monod-kinetics expression, the saturation coefficient, which is also known as 
the half-velocity constant, denotes “the substrate concentration at one-half the 
maximum specific substrate utilization rate” (Tchobanoglous et al. 2003). In general, 
this parameter describes the degree of influence for limiting substrate in the biological 
process. In the proposed model, the nitrification is limited by the concentrations of SO 
and SNH.  
The value of saturation coefficient of SO (KA,O) was same in ASM2D, McBride and 
Tanner (1999) and Petitjean et al. (2012), where a typical value of 0.50 mg l-1 was 
employed. However, the KA,O implemented in the Langergraber and Šimůnek (2005) 
and Fuchs (2009) was 0.10 mg l-1 and 1.00 mg l-1 for first step and second step 
nitrification respectively. The higher value highlighted that the oxygen demand in the 
second step nitrification was higher. Pálfy et al. (2016) proposed a low KA,O, which 
was only 0.07 mg l-1. The saturation coefficient of SNH (KA,NH) was 1 mg l
-1 in ASM2D 
and McBride and Tanner (1999), while its value was 0.50 mg l-1 in Langergraber and 
Šimůnek (2005), Fuchs (2009) and Petitjean et al. (2012). 
The hydrolysis rate constant (kH) ranged from 3 to 5 d
-1. However, Fuchs (2009) and 
Pálfy et al. (2016) proposed a low hydrolysis rate constant, which were 0.05 d-1 and 
0.20 d-1. The typical value of the saturation coefficient of slowly degradable organic 
matter (KX) was 0.10 mgSS mgXS
-1. 
As for the growth of XH, the typical maximum growth rate (μH) ranged from 5 d
-1 to 6 
d-1. However, the values proposed by Fuchs (2009) and Pálfy et al. (2016) were only 
0.70 d-1 and 0.04 d-1, respectively.  The decay rate (bH) was highly fluctuating, where 
the ASM2D and Langergraber and Šimůnek (2005) employed a value of 0.40 d-1, while 
other studies used a value below 0.10 d-1. The typical anoxic coefficient (ηH) and 
saturation coefficient (KH,O, KH,S, KH,NH, KH,NO) for heterotrophic growth were similar 
in the literature.   
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Table 7.2 summarizes the stoichiometric parameters used in the literature. In general, 
the fraction of SI produced in the hydrolysis of XS (fSI) was assumed to be 0 mgSI mgXS
-
1. The production of XI in the biomass lysis (fXI) was 0.1 mgXI mgBM
-1 in ASM2D and  
McBride and Tanner (1999), and 0.15 was used in Langergraber and Šimůnek (2005) 
and  Fuchs (2009). Due to the lack of information with regards to the dynamics of 
active biomass during loading and inter-event, Pálfy et al. (2016) assumed that the 
biomass lysis produces nearly 100% of XI to individually observe the influence of 
parameters.  
The yield coefficient of heterotrophic biomass under aerobic and anoxic condition 
(YH,O and YH,NO, respectively) was 0.63 mgXH mgSS
-1 in most of the simulations. On the 
other hand, the typical value of yield coefficient of autotrophic biomass (YA) in the 
literature was 0.24 mgXA mgNH
-1. Pálfy et al. (2016) proposed relatively low YH,NO and  
YA,  which were 0.07 mgXH mgSS
-1and 0.06 mgXA mgNH
-1 respectively.  
Table 7.3 summarizes the composition parameters in the literature. In the proposed 
model, the nitrogen content in five categories of organics matter was considered. The 
value of nitrogen in SS (iNSS), SI (iNSI), XS (iNXS), and biomass (iNBM) were the same in 
the existing modelling, which were 0.03 mgN mgSS
-1, 0.01 mgN mgSI
-1, 0.04 mgN mgXS
-
1and 0.07 mgN mgBM
-1, respectively. The composition parameter of XI was only 
included in ASM2D and McBride and Tanner (1999), which ranged from 0.02 to 0.03 
mgN mgXI
-1.  





















fSI mgSI mgXS-1 0 0 0 0 0 - 
fXI mgXI mgBM-1 0.1 0.1 0.1 0.1 - 0.999 
YH,O mgXH mgSS-1 0.63 0.63 0.63 0.63 0.63 0.065 
YH,NO mgXH mgSS-1 0.63 0.63 0.63 0.63 - 0.065 
YA mgXA mgNH-1 0.24 0.24 0.24* 0.24* 0.24* 0.06* 
*Considered as two-step nitrification. The yield coefficients used in both processes are the same. 
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Table 7.3: Review of composition parameters used in previous studies (20˚C) 
Parameter Unit 
ASM2D  










iNSS  mgN mgSS-1 0.03 0.03 0.03 0.03 
iNSI mgN mgSI-1 0.01 0.01 0.01 0.01 
iNXS mgN mgXS-1 0.04 0.04 0.04* 0.04* 
iNXI mgN mgXI-1 0.02 0.03 - - 
iNBM mgN mgBM-1 0.07 0.07 0.07 0.07 
*The value is referred to the nitrogen content in slowly degradable organic matter.  
According to the literature review, the range of the kinetics parameters in the VFCW 
has been briefly identified. In summary, the saturation coefficient, stoichiometric and 
composite parameters were consistent in the literature and can be directly applied to 
the proposed model. On the other hand, the reaction rate constant calibrated in Fuchs 
(2009) and Pálfy et al. (2016) were much lower compared to the typical values 
proposed in ASM2D and Langergraber and Šimůnek (2005). However, these 
parameters are only valid to the specific configuration and operating condition.  
Therefore, the values of the rate constants in the proposed bio-kinetics module were 
obtained from Langergraber and Šimůnek (2005) and Petitjean et al. (2012). The 
values of all parameters employed in the proposed model are listed in Table 7.4. 
The effect of temperature is remarkable to the biological process. The low temperature 
leads to an ineffective treatment, which eventually leads to effluent with poor quality. 
Grady Jr et al. (2011) highlighted that it is particularly important to the nitrification as 
the μA is extremely sensitive to the temperature. Therefore, it is commonly accepted 
that the efficiency of the biological process is better in the tropical region. As most of 
the kinetic and stoichiometry parameters in the literature were only valid at the specific 
reference temperature, the adjustment of kinetics and stoichiometry parameters with 
regards to the temperature is implemented in the bio-kinetics module as follow (Grady 
Jr et al. 2011): 
𝑘𝑇 = 𝑘20 ∙ 𝜃𝑇
(𝑇−20)
 (7.1) 
where k20 is the value of the parameter at the reference temperature (20˚C), θT is the 
temperature coefficient, and T is the temperature.  
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Table 7.4: Proposed values for the parameters in bio-kinetics module 
Parameter Unit Values 
kH d-1 3.00 
KX mgSS mgXS-1 0.10 
μH d-1 6.00 
bH d-1 0.40 
ηH - 0.80 
KH,O mgSO l-1 0.20 
KH,S mgSS l-1 2.00 
KH,NO mgNO l-1 0.50 
KH,NH mgNH l-1 0.05 
μA d-1 1.00 
bA d-1 0.15 
KA,O mgSO l-1 0.50 
KA,NH mgNH l-1 0.50 
fSI mgSI mgXS-1 0.00 
fXI mgXI mgBM-1 0.10 
YH,O2 mgXH mgSS-1 0.63 
YH,NO mgXH mgSS-1 0.63 
YA mgXA mgNH-1 0.24 
iNSS mgN mgSS-1 0.03 
iNSI mgN mgSI-1 0.01 
iNXS mgN mgXS-1 0.04 
iNXI mgN mgXI-1 0.02 
iNBM mgN mgBM-1 0.07 
The coefficient θT is estimated by plotting the rate versus temperature, which 
demonstrates a slope equal to the coefficient. In this study, the θT of the bio-kinetics 
parameters are obtained from Grady Jr et al. (2011) and are summarized in Table 7.5. 
In general, the yield coefficients are assumed to be independent of temperature. The 
maximum growth rate, lysis rate and saturation coefficient of the substrate are 
significantly affected by the temperature, especially for the parameters describing the 
nitrification. In Table 7.5, the comparisons of the parameters at different temperature 
show that the μA and KA,NH are doubled from 20˚C to 28 ˚C. In this study, the bio-
kinetics parameters are factorized with respect to the average temperature of the 
effluent due to the absence of heat transport module.  
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kH 1.06 3.00 4.78 
μH 1.09 6.00 11.96 
bH 1.03 0.40 0.51 
KH,S 1.00 2.00 2.00 
KH,NH 1.14 0.05 0.14 
μA 1.11 1.00 2.30 
bA 1.03 0.15 0.19 
KA,NH 1.14 0.50 1.43 
YH,O2 1.00 0.63 0.63 
YH,NO 1.00 0.63 0.63 
YA 1.00 0.24 0.24 
7.1.4. Initial conditions and boundary conditions 
Intermittence of feeding and rest periods alternates the inherent population of active 
biomass and the concentration of residual contaminants in the wetland bed. The initial 
concentration of all quality parameters at each node become the major uncertainty in 
the simulation, and the associated determination was rarely discussed in the literature. 
As mentioned in section 7.1.1, the transport of contaminants can be divided into the 
solid and liquid phases, and the liquid phase can be further subdivided into the mobile 
and immobile region. Therefore, twenty-one sets of initial conditions (nine sets for the 
mobile region, nine sets for the immobile region, and three sets for the solid phase) 
were required in the proposed model. The conventional method to determine the initial 
condition is to measure the concentration of quality parameters along the depth of the 
wetland bed. However, such a measurement is difficult in the relatively large surface 
area of the pilot-scale system. Therefore, the initial condition is generally calibrated 
according to the measured data collected from the pilot plant (Morvannou et al. 2014). 
Since the main objective of this study is to simulate the nitrogen dynamics in the pilot-
scale VFCW, the residual organic matter (SS, SI, XS, and XI) was assumed to be absent 
in the wetland bed. In this study, the biological process was implemented in the mobile 
region only, and thus the initial conditions in the immobile region were neglected. In 
order to simplify the calibration, the oxygen content was assumed to be constantly 
supplied throughout the experiment, where the concentration was set to be under the 
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quasi-steady state. The laboratory experiment showed that the concentration of DO in 
the effluent ranged within 5 to 6 mg l-1. Accordingly, the constant concentration of SO 
was fixed as 5 mg l-1 in the simulation. Besides, the results obtained from the pilot-
scale system indicated that the pH of the effluent remained at an optimal range 
throughout the treatment, and thus the limitation of alkalinity to the biodegradation 
was assumed to be negligible in the simulation. Additionally, SN2 is the final product 
of the biological process, and thus it has no effect on the overall performance of the 
VFCW and the associated initial concentration was assumed to be zero. Accordingly, 
the calibration of initial conditions was reduced to four components, which are SNH, 
SNO, XH, and XA. Similar to the transport parameters, this section aims to deliver a 
standard of initial conditions to reproduce the nitrogen dynamics for all cases.   
In the transport module, the upper boundary condition takes into account the influent 
quality, including oxygen content, nitrogenous constituents, and organic matter. The 
values of parameters SO, SNH, SNO, and TS can be obtained directly from the laboratory 
measurement, while SN2, XH, and XA were assumed to be absent in the influent. In 
addition, the organic matter is required to be subdivided to a different category. The 
portion of organic matter was assumed to be 0.10, 0.30, 0.10, and 0.50 for SI, SS, XS, 
and XI, respectively.  
7.1.5. Calibration of transport parameters 
This section aims to introduce a calibration method to match the simulation with the 
measured data of the nitrogen dynamics (NH4
+-N and NO3
--N). As explained in section 
7.1.3, the bio-kinetics parameters used in this study were assumed as a set of constant. 
These rates and coefficients, which were empirically determined based on a series of 
experiments, have been widely applied in various studies (McBride and Tanner 1999; 
Langergraber and Šimůnek 2005; Toscano et al. 2009). Therefore, the main challenge 
in the calibration was setting up the transport parameters and the initial conditions of 
residual nitrogen and active biofilm.   
It should be noted that only the cases with adequate hydraulic simulation were carried 
out with the modelling of nitrogen dynamics. In order to develop a standard procedure 
for the calibration, the trends of the nitrogen dynamics were preliminarily analyzed. In 
general, the concentration of NH4
+-N appeared to increase rapidly in the effluent 
during the early stage and declined gradually in the late stage of treatment. Meanwhile, 
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the concentration of NO3
--N dropped rapidly in the early stage and slightly rose at the 
late stage.  
This observation was explained by the quality of influent, where NH4
+-N was always 
high and NO3
--N was generally low. Besides, it also reflects that certain amount of 
NH4
+-N and NO3
--N were trapped or generated in the wetland bed between the 
feedings, and hence the invasion of new feeding caused the washout of the residuals 
and resulted in a noticeable background concentration in the early effluent. This 
mixing process, which is described by the ADE, is greatly affected by DL. In addition, 
the peak concentration of NH4
+-N illustrated a remarkable reduction from the influent, 
which is attributed to the instantaneous adsorption in the sludge deposit and 
intermediate layer. Therefore, the calibration of transport parameters and initial 
conditions is necessary to be carried out simultaneously. However, such an approach 
is hindered by a large number of parameters in the calibration, and thus this study aims 
to establish a set of prescribed transport parameters that can fit all measured data in 
the pilot-scale VFCW. Then, the proposed model only requires the initial conditions 
to be calibrated in each case.  
The dynamics of NH4
+-N involves the processes of hydrolysis, adsorption and 
biodegradation and vegetation uptake. In addition to nitrification, the consumption of 
NH4
+-N in the growth of XH was found to be remarkable in the preliminary calibration. 
In the meantime, the dynamics of NO3
--N is relatively simple, where the nitrification 
is the only governing process since the denitrification was not observed in the pilot 
system and the effect of vegetation is always negligible. Therefore, the concentration 
of NO3
--N was calibrated first to determine the DL and the distribution of XA in the 
wetland bed. Then, the adsorption coefficient and the concentration of XH was only 
calibrated. 
In order to simplify the calibration, the distribution of NH4
+-N and NO3
--N in the 
gravel layer were initially assumed to be under an equilibrium state and the 
concentration is identical as the first measurement of the effluent. The initial 
concentrations of NH4
+-N in the sludge deposit layer and intermediate layer were 
anticipated to be higher to match the increase of concentration in the early effluent, 
and then NO3
--N was presumed to be absent in these regions to illustrate the drop at 
the beginning of effluent. Throughout the calibration, the DL of the sludge deposit layer 
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and intermediate layer were found to be 1 cm and 5 cm, respectively. Meanwhile, the 
DL of the small-size gravel and medium-size gravel layers were 15 cm and 25 cm, 
respectively. Besides, the coefficient of adsorption in the sludge deposit layer and 
intermediate layer were set to be 0.03 cm3 min-1 and 0.01 cm3 min-1, respectively.   
The distribution of biofilm is the key parameter in the modelling of biodegradation. 
Since the direct quantification was no available in this study, the input of initial biofilm 
distribution was obtained through the calibration and literature data. The rhizosphere 
zone and porous medium provide a significant surface area for the development of 
biofilm (Larsen and Greenway 2004). Tietz et al. (2007) highlighted that the 95% of 
microbial biomass was found in the top 10 cm of the wetland bed, and this could be 
attributable to the accumulation of fine particulates and sufficient supply of nutrient 
and oxygen. Besides, Foladori, Bruni, and Tamburini (2015) found that the amount of 
active biomass decreases with the depth of wetland bed, where the concentration of 
bacteria within the top 10 cm was 3.7 times higher than the bottom layer. In addition, 
the saturation level is crucial to the efficiency of biological processes. According to 
the hydraulic simulation, the water content in the gravel layer was always low, and 
thus the efficiency of biodegradation could be assumed to be negligible.  As a result, 
the active biomass was assumed to be within the sludge deposit layer and intermediate 
layer only. A ratio of 1:8 was used with reference to Pálfy et al. (2016) to describe the 
distribution of XH in the wetland bed under a self-stabilized condition. To ease the 
calibration, the initial conditions of biofilm were assumed to be the same in a 
homogenous porous medium. The calibration showed that a 2 mg kg-1 of XA within 
the sludge deposit layer (bulk density = 1.70 g cm-3) and 1 mg kg-1 of XA within the 
intermediate layer (bulk density = 2.30 g cm-3) illustrated a good match with the 
measured data. Accordingly, the initial concentrations of XH were set to be 16 mg kg
-
1 and 8 mg kg-1 in the sludge deposit layer and the intermediate layer, respectively.  
7.1.6. Summary of Assumptions 
The assumptions and associated set-up are summarized as follows: 
 Due to the rapid water flux throughout the wetland bed, the molecular diffusion 
was assumed to be negligible in the transport mechanism of the liquid phase.  
 The active transport between the mobile and immobile regions was assumed to 
be negligible. Therefore, the coefficient of active solute transfer (αph) was set 
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to be zero and the solute exchange completely depends on the water exchange 
between two domains.  
 As the mechanical dispersion is a function of water flux, the DL was assumed 
to be the same in a homogenous porous material. The DL was calibrated 
according to the measured data, which obtained 1 cm, 5 cm, 15 cm, and 25 cm 
for the sludge deposit layer, intermediate layer, small-size gravel layer, and 
medium-size gravel layer, respectively. 
 The adsorption was only considered for component SNH.   
 The adsorption was assumed as a kinetic process, which only occurs in the 
mobile region. Therefore, the fMO, fE and ωk are set to be 1, 0, and 1, 
respectively.  
 The adsorption process was simulated using a linear isotherm. The coefficient 
for adsorption of SNH is dependent on the properties of the porous medium. 
 The coefficient of adsorption in the sludge deposit layer and intermediate layer 
were set to be 0.03 cm3 min-1 and 0.01 cm3 min-1, respectively. The adsorption 
was assumed to be negligible in the gravel layer.   
 The extraction of SNH and SNO by vegetation uptake was dependent on the water 
uptake by vegetation.   
 It was assumed that the active biomass is stationary in the wetland bed as 
attached biofilm.  
 The coefficient of surface filtration was obtained from the average removal rate 
of total solids throughout the experiment, where a value of 0.80 was employed 
in all simulations.   
 The deep bed filtration within the granular medium was assumed to be 
negligible.   
 The proposed model simulated the biological process at a macroscopic level, 
where the contaminants were assumed to be fully contacting with the attached 
biofilm. The influence of biofilm thickness, diffusion between the liquid-
biofilm interface, and other microscopic process was not considered in this 
study.  
 As the heat transfer was not included in the proposed model, the bio-kinetics 
parameters that are dependent on temperature were factorized with respect to 
the average temperature of the effluent.  
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 As the re-aeration rate through the ventilation pipe and the saturation of oxygen 
at different layer were not measured throughout the experiment, SO was 
assumed to be under a quasi-steady state at a concentration of 5 mg l-1.  
 According to the measured data, the pH in the effluent remained at a favourable 
range for the biochemical process. Therefore, the Monod kinetics rate was 
assumed to be independent of the limitation of alkalinity.   
 The degradation of active biofilm was described by the lysis process, which 
releases XI and SI back to the percolate and is eventually discharged from the 
system. 
 The portion of organic matter was assumed to be 0.10, 0.30, 0.10, and 0.50 for 
SI, SS, XS, and XI, respectively.  
 The active biofilm was assumed to be uniformly distributed over the sludge 
deposit layer and intermediate layer only.  
7.2. Results and Discussions 
7.2.1. Simulated Results 
The prescribed transport parameters and bio-kinetics parameters presented in the 
previous section were implemented in the proposed model and the initial conditions 
were calibrated to fit the simulated result with the measured nitrogen dynamics within 
a feeding-draining cycle. Figure 7.1 - Figure 7.8 present the simulated results of case 
1A, 3A, 8A, 11A, 19B, 20A, 24B, and 25B, respectively. The simulation of case 6A, 
7B, 17B, and 23B failed to deliver a reasonable match with the measured data, and 
thus these cases were not presented in this study. The performance of the VF_Sep was 
evaluated using the mean absolute percentage error (MAE (%)) as presented in section 
6.5. The result of error analysis is summarized in Table 7.6. 
VF_Sep is a combination of implicit functions of physical and biochemical 
characteristics to macroscopically describe the treatment processes in the VFCW. The 
current simulation setup described the VFCW as a bio-filter, where the development 
of biofilm was only simulated within the upper layer of the wetland bed. In order to 
deliver a robust simulation, a set of prescribed transport parameters and bio-kinetics  
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Figure 7.1: Simulated results of case 1A (18-11-2015: 75 l) 
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Figure 7.3: Simulated results of case 8A (16-12-2015: 100 l) 
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Figure 7.5: Simulated results of case 19B (24-1-2016: 125 l) 
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Figure 7.7: Simulated results of case 24B (21-2-2016: 125 l) 
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Table 7.6: MAE (%) of NH4+-N and NO3--N 
Cases MAE (%) of NH4+-N MAE (%) of NO3--N 
1A 9.44 % 14.57 % 
3A 7.21 % 33.27 % 
8A 4.82 % 19.51 % 
11A 4.10 % 41.51 % 
19B 7.59 % 10.23 % 
20A 9.31 % 20.39 % 
24B 7.13 % 12.79 % 
25B 8.49 % 14.39 % 
Maximum 4.10 % 10.23 % 
Minimum 9.44 % 41.51 % 
Mean 7.26 % 20.83 % 
Standard deviation 1.82 % 10.26 % 
parameters were calibrated to fit the available measured data as much as possible. The 
hydraulic behaviour and influent concentration is the main variable in the simulation 
of treatment performance. Overall, the general trend of NH4
+-N in the effluent was 
well predicted, where the MAE (%) between the simulated results and laboratory 
measurement are on average below 10 %. This has shown that the prescribed transport 
and bio-kinetics parameters were capable of delivering a promising simulation. 
However, the simulation of NO3
--N was less desirable, where the mean MAE (%) was 
approximately 10 % and it exceeded 40 % in a particular case.  
As mentioned in section 7.1.5, the calibration of NO3
--N was more direct due to the 
absence of denitrification in the VFCW. The simulation of NO3-
-N generally 
demonstrated a good match with the measured data, which is illustrated with cases 1A, 
11A, 19B, 20A, 24B, and 25B. However, the discrepancies between the simulated and 
measured data in cases 3A and 8A were significant. The prescribed transport 
parameters and calibrated initial conditions successfully reproduced the first stage of 
NO3-
-N dynamics in most of the simulations, but nitrification was generally under-
predicted in the late phase of discharge. In fact, the simulation of NO3-
-N dynamics 
was reasonable from the visible evaluation. The high MAE (%) in case 11A and 20A 
was attributable to the low measured concentration of NO3-
-N in the analysis. Besides, 
the under-predicted NO3-
-N highlights that the prescribed concentration of biofilm 
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might not be valid in certain cases, where a detailed investigation for their distribution 
in the wetland bed is required to improve the efficiency of the proposed model.  
According to the measured data and simulated data, the dynamics of NO3
--N could be 
discussed in two stages. A certain amount of NO3
--N was yielded in the wetland bed 
due to the residual NH4
+-N nitrified during the resting period, and thus the first 
measurement of effluent was generally high. Then, the low influent concentration and 
poor nitrification at the early phase resulted in a drop in concentration, and this period 
was recognized as the first stage of NO3
--N dynamics. The proposed model 
promisingly simulated the concentration of NO3
--N at this stage, subsequently 
indicating the poor nitrification in the early operation. 
As for the second stage, NO3
--N was gradually yielded by nitrification in the following 
percolation. Theoretically, nitrification depends on the saturation level, oxygen 
content, and population of active biomass. Since the upper layer was always saturated 
and oxygen was sufficiently supplied, the active biomass is considered as the rate-
limiting factor in the process. The simulation illustrated that the increase of NO3
--N is 
proportional to the growth of XA. Figure 7.9 displays an example of biomass 
development in the sludge deposit layer and intermediate layer throughout the 
operation. The incoming NH4
+-N in the new feeding led to a constant development of 
XA until the temporary ponding was completely infiltrated, and then the following 
growth was insignificant. The growth of biofilm in the sludge deposit layer was more 
rapid due to a higher saturation level and initial concentration, highlighting its vital 
role in the removal of NH4
+-N.  
Accordingly, the nitrification rate was more rapid when the active biofilm had been 
extensively developed. This was observed from the concentration of NO3-
-N in the 
effluent that stabilized after the descending in the early phase, and gradually rose for 
the remaining time. However, the simulated concentration of NO3
--N was much lower 
than the measured data in case 3A and 18A, which implied that the concentration of 
inherent biofilm in these cases might be underestimated. Another possible reason for 
these discrepancies could be due to the bio-kinetics parameter used in the simulation, 
but it required further laboratory data to calibrate a new set of parameters. In addition, 
the discharge at the late phase of the feeding-draining cycle was greatly reduced, and 
thus a significant amount of NH4
+-N was trapped within the bed and was further 
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Figure 7.9: Development of XA of case 3A (1-12-2015: 75 l) 
nitrified in the resting period, which explained the high background concentration in 
the next feeding cycle.  
The error analysis indicated that the modelling of NH4
+-N dynamics was excellent, 
where the MAE (%) are below 10 % in all cases. Similar to NO3
--N, the dynamics of 
NH4
+-N can be separated into two phases. In general, a rise of NH4
+-N was observed 
in the early effluent. The prescribed transport parameter and the calibrated initial 
conditions successfully predicted the concentration of NH4
+-N in this phase. In 
addition to the influent, a large amount of NH4
+-N was found to be accumulated in the 
upper layer and subsequently created the rise. This can be explained by the retained 
XS at the top surface of wetland bed, which were hydrolysed and released NH4
+-N 
during the inter-event period. At the early stage of treatment, the development of active 
biofilm was still low, and thus the removal of NH4
+-N was generally ineffective. 
In the late phase of NH4
+-N dynamics, the concentration was gradually reduced due to 
the continuous growth of active biofilm. The substantial decline at this stage was not 
accurately predicted in several cases, especially in case 1A, 20A, and 25B. As the 
removal of NH4
+-N is a complex process, the discrepancy is essential to be analysed 
with respect to each removal pathway. In addition to nitrification, the effect of 
adsorption and aerobic respiration were noticeable in the pilot-scale VFCW in terms 
of NH4
+-N removal. In the context that the efficiency of nitrification can be assessed 
according to the dynamics of NO3
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hypothesized to be reasonable. Therefore, the imbalance between the reduction of 
NH4
+-N and the production of NO3
--N was then presumed to be dependent on the 
adsorption and aerobic respiration.  
7.2.2. Discussion 
VF_Sep is aimed to be a research-oriented numerical scheme to study the nitrogen 
dynamics in a pilot-scale VFCW treating septage, which is capable of evaluating the 
contribution of each mechanism in the nitrogen dynamics. According to the current 
outcomes, nitrification, adsorption and aerobic respiration were revealed as the main 
removal and retention mechanisms in the nitrogen dynamics of the pilot plant. 
Vymazal (2007) indicated that the highly aerobic condition in the VFCW results in a 
great treatment of NH4
+-N, but the potential to remove NO3
--N is low and thus its 
concentration commonly increases in the effluent. A similar phenomenon was 
observed in the laboratory experiment, and this trend has been successfully illustrated 
by the proposed model. A mass balance analysis of nitrogen removal (Morvannou et 
al. 2014) demonstrated that majority of NH4
+-N was nitrified in the VFCW. As a result, 
the proposed model delivered a promising simulation towards the fate of NH4
+-N with 
respect to the current assumption and prescribed parameters. 
7.2.2.1. The influence of DO 
The saturation level and oxygen content are the governing parameters to determine the 
extent of nitrification in the VFCW. Accordingly, the proposed model was developed 
by interlinking the oxygen content, saturation level, and biofilm growth to describe the 
biodegradation process. As the water content in the porous medium acts as the 
intervening substance between the contaminants and biofilm in the liquid phase, 
Henrichs, Welker, and Uhl (2009) indicated that nitrification was provoked during the 
saturated period. Kayser and Kunst (2005) explained that the rapid infiltration in the 
VFCW is advantageous for the wetland bed to be aerated via diffusion and convection. 
A number of studies have highlighted the effect of oxygenation on nitrification. Kayser 
and Kunst (2005) indicated that the aerobic processes were completed within the top 
10 cm of wetland bed due to the diffusion at the wetland surface, and its rate could be 
deteriorated because of overloads. Woźniak, Dittmer, and Welker (2007) measured 
that the consumption of oxygen was extremely high in the first 30 cm of the wetland 
bed, implying that biodegradation was limited in the upper layer. Petitjean et al. (2012) 
A Mechanistic Model for Hydraulic Behaviour and Nitrogen           Chapter 7 
Dynamics in a Vertical Flow Constructed Wetland Treating Septage   Simulation of Nitrogen Dynamics 
   
264 
 
found that the consumption and restoration of oxygen can be described in four steps in 
a feeding-draining cycle, which demonstrated a close correlation to the development 
of biofilm.  
The hydraulic simulation has been repeatedly emphasized as a prerequisite in the 
numerical model for nitrogen dynamics (Langergraber and Šimůnek 2005). The 
contact time between the influent and attached biofilm was governed by the hydraulic 
simulation in the proposed model, where the influence of saturation level was 
described by the water content in the ADE. Therefore, the undesirable nitrification in 
the pilot-scale VFCW could be attributed to the rapid flux through the wetland bed, 
which limited a complete nitrification to take place. In this study, the active biomass 
was assumed to be present in the sludge deposit and intermediate layer only. The 
sludge deposit is a layer of settlement caused by the particulate constituents in the raw 
septage, subsequently reducing the infiltration capacity of the upper layer of wetland 
bed. In this context, the sludge deposit and intermediate layer are more saturated and 
contain a higher water content throughout the feeding-draining cycle, and thus the 
biological processes mostly take place in the upper layer of wetland bed. This 
observation was supported by a study of hydraulic behaviour (Henrichs, Welker and 
Uhl 2009). Besides, several studies highlighted that most of the biomass was 
discovered in the first 10 cm of wetland bed (Langergraber, Tietz and Haberl 2007; 
Tietz et al. 2007; Foladori, Bruni and Tamburini 2015). Accordingly, the 
biodegradation in the deeper layer of wetland bed is minor due to the low water content 
and poor biomass development. However, a specific study is necessary to correlate the 
development of biofilm to the water content at different depths of wetland bed as a 
future study to strengthen this outcome.   
In addition to the initial oxygen content in the wetland bed, re-aeration took place via 
the ventilation pipes during the feeding to maintain the high oxygenation in the system. 
However, this rate was difficult to be determined while an oxygen profile of the system 
was unavailable in this study, and thus the transport of oxygen was assumed to be 
under the quasi-steady state in the simulation. According to the laboratory experiment, 
the concentration of DO in the effluent was generally above 5 mg l-1, and thus this 
conservative value was implemented as a constant concentration in the simulation. DO 
is a rate-liming substrate in the Monod kinetic of nitrification. As the saturation 
coefficient of SO was 0.5 mg l
-1, the alteration of its limiting term in the Monod 
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equation is small when the DO is higher than 5 mg l-1. Thus, this simplified attempt 
delivered reasonable prediction for NH4
+-N dynamics. 
To remark on the significance of DO in the proposed model, four cases of simulations 
(3A, 11A, 19B, and 25B) were re-simulated without the condition of constant DO, 
where the associated source was limited to the initial concentration in the wetland bed. 
Figure 7.10 - Figure 7.13 show the comparisons between the simulations with constant 
and inconstant DO. The results indicated that the DO was quickly consumed by aerobic 
respiration and nitrification due to the high organic and nutrient load in the septage 
treatment. Consequently, the production of NO3-
-N was almost negligible, which 
resulted in a gradual drop in the simulation. Meanwhile, the concentration of NH4
+-N 
was over-predicted due to the absence of nitrification. Although the assumption of 
constant DO in the wetland bed reasonably predicted the dynamics of NO3-
-N, a more 
reliable module is essential to describe the oxygen transport and re-aeration in the 
VFCW treating septage. 
The gap of knowledge between the oxygen profile and nitrogen dynamics in the 
VFCW treating septage should be further investigated by quantifying the renewal and 
consumption rate of oxygen at different depths of the wetland bed. This attempt will 
be useful to regulate an optimal loading regime and resting period to guarantee a robust 
treatment performance of the system.   
7.2.2.2. Adsorption 
Similar to Henrichs, Welker, and Uhl (2009) and Morvannou et al. (2014), adsorption 
was found to be a remarkable removal mechanism of  NH4
+-N in the pilot-scale VFCW 
system. It should be noted that VF_Sep described the adsorption as a linear kinetic 
process driven by the difference in concentration between the liquid and solid phase, 
and thus this process is only prohibited when an equilibrium state is achieved. Overall, 
this approach delivered a reasonable simulation towards the removal of NH4
+-N. To 
evaluate the role of adsorption in the system, case 3A, 11A, 19B, and 25B were re-
simulated by removing the adsorption coefficient, where the removal of NH4
+-N only 
depends on biodegradation. The simulated results are presented in Figure 7.14 -Figure 
7.17. As the adsorption was only applied in the transport module of NH4
+-N, its 
influence was negligible in the dynamics of NO3
--N. The comparisons between the 
simulated results demonstrated that the concentration of NH4
+-N was significantly  
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Figure 7.10: Influence of DO on nitrogen dynamics of case 3A (1-12-2015: 75 l) 
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Figure 7.12: Influence of DO on nitrogen dynamics of case 19B (24-1-2016: 125 l) 
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Figure 7.15: Influence of adsorption on nitrogen dynamics of case 11A (27-12-
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Figure 7.16: Influence of adsorption on nitrogen dynamics of case 19B (24-1-
2016: 125 l) 
 
 
Figure 7.17: Influence of adsorption on nitrogen dynamics of case 25B (27-2-
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over-predicted when the adsorption was absence in the simulation. 
In the proposed model, adsorption was described as a first-order reaction, which 
instantaneously removed NH4
+-N and was not affected by the growth of active biofilm 
in the wetland bed. Accordingly, its rate was consistent throughout the feeding- 
draining cycle, and this could be regarded as the main pathway of NH4
+-N removal 
after nitrification. This finding was similar to Morvannou et al. (2014), which indicated 
that a certain amount of NH4
+-N was adsorbed onto the organic matter instead of being 
nitrified during the feeding period. 
The drawback of linear adsorption isotherm is that the adsorbate on the surface of the 
medium is unlimited, which could be untrue in the reality. Therefore, the use of the 
Langmuir isotherm may be necessary to “control” the adsorption in the VFCW. 
However, such an isotherm requires more effort in the numerical development. 
RSF_Sim (Meyer and Dittmer 2015) proposed a two-stage linear isotherm to describe 
the adsorption of NH4
+-N in a VFCW system treating combined sewer overflow (CSO), 
where a critical concentration of adsorbed NH4
+-N was implemented to distinguish the 
rapid and slow adsorption due to the change of concentration. In addition, the 
coefficient of the isotherm is required to be experimentally measured to validate the 
values used in the current simulation, especially for the capacity of adsorption in the 
sludge deposit layer. The similar attempt should be carried out to determine the 
maximum capacity of biofilm development.  
7.2.2.3. Consumption of NH4+-N in the growth of XH 
The consumption of NH4
+-N in the growth of XH is the less discussed mechanism in 
the literature. One of the reasons is that the organic content in the sewage or CSO is 
not as high as septage. Therefore, such an effect is insignificant in the simulation of 
the treatment of sewage, but the high concentration of chemical oxygen demand (COD) 
in the raw septage stimulates a great development of XH in the wetland bed, which 
simultaneously consumes a certain amount of NH4
+-N in the process. Case 3A, 19B, 
24B and 25B were re-simulated by setting the concentrations of organic matter to zero 
to assess the effect of aerobic respiration.  
Figure 7.18 - Figure 7.21 present the influence of aerobic respiration on the simulation 
of nitrogen dynamics. Due to the high organic load in the septage treatment, the growth  
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Figure 7.18: Influence of aerobic respiration on nitrogen dynamics of case 3A (1-
12-2015: 75 l) 
 
 
Figure 7.19: Influence of aerobic respiration on nitrogen dynamics of case 11A 
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Figure 7.20: Influence of aerobic respiration on nitrogen dynamics of case 19B 
(24-1-2016: 125 l) 
 
 
Figure 7.21: Influence of aerobic respiration on nitrogen dynamics of case 25B 
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of XH was dominant in the wetland bed. Accordingly, the demand on NH4
+-N as a 
complementary nutrient was significant in the microbial growth. The simulated results 
demonstrated that the concentration of NH4
+-N was over-predicted when the 
consideration of the organic matter was absent in the simulation. The consumption of 
NH4
+-N was found to be proportional to the development of XH, which could be 
observed from the gaps between the simulated results with and without aerobic 
respiration. In general, such a difference became more significant in the late phase of 
the cycle, where the growth of XH was more notable while the rate of aerobic 
respiration is relatively high. When the simulation time was short, the growth of XH 
was still undesirable. Then, the associated difference between the simulations was 
insignificant, which is as shown in Figure 7.21. 
As higher NH4
+-N concentrations were found in the simulation without the 
consideration of carbon cycles, the production of NO3
--N was greater due to the better 
efficiency of nitrification. Although the overall contribution of this removal pathway 
was minor compared to nitrification and adsorption, it was still an important 
consideration to describe the substantial drop of NH4
+-N in the late phase of effluent. 
In the proposed model, the hydrolysis of slowly degradable organic matter and the 
decay of active biomass potentially restored a certain amount of NH4
+-N in the wetland 
bed, however, these mechanisms were insignificant since the consumption of NH4
+-N 
was more vital most of the time. The current literature showed that the COD/N ratio 
potentially influences the overall treatment performance of the VFCWs (Fan et al. 
2013). One of the main uncertainties in the simulation of COD is its fractionalization 
to the particulate and dissolved, as well as the biodegradable and inert matter. The 
calibration of the dynamics of COD and the measurement of XH development are 
required in the future study to quantitatively analyse its contribution in the overall 
nitrogen dynamics.  
Although the fate of organic matter is not the main concern in this study, the hydrolysis 
of XS actually represents the ammonification process in the proposed model, 
subsequently acting as part of nitrogen dynamics. A first-order filtration coefficient 
was implemented in the transport module, and thus most of the XS was retained at the 
surface of the wetland bed. Consequently, the hydrolysis mainly took place at the 
upper layer of wetland bed, which caused a substantial increase in the early effluent as 
described above. The high solids content in the raw septage emphasizes the importance 
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of filtration module in the modelling of VFCWs, particularly, the removal of 
particulate organic nitrogen (Org-N) in terms of nitrogen dynamics. In addition, the 
hydraulic properties of the wetland bed are reduced by the filtration, which ultimately 
alternates the overall treatment performance of the system. The role of plant uptake 
was considered to be negligibly minor in a feeding-draining cycle due to the low 
transpiration rate, where its influence could be more significant during the long resting 
period. However, a laboratory experiment with regards to the nitrogen content is 
needed to identify this influence in the nitrogen dynamics.  
The bio-kinetic parameters used in this study were effective to simulate the nitrogen 
dynamics of the pilot-scale VFCW. This set of parameters were obtained from the 
available data in the literature (Henze et al. 1999; McBride and Tanner 1999; 
Langergraber and Šimůnek 2005; Fuchs 2009; Petitjean et al. 2012), and effect of 
temperature was considered to suit these parameters in the application under a tropical 
climate. The current approach only took into account the average temperature to refine 
the values of bio-kinetics, which could bring a certain level of discrepancy as the 
temperature was not always constant throughout the feeding-draining cycle. Therefore, 
a heat transport module should be added in future to precisely quantify the influence 
of temperature change. In addition, a more detailed analysis on the alkalinity in the 
wetland bed is necessary to determine the impact of pH change on the treatment 
performance of the VFCW-based septage treatment system.  
7.3. Summary 
With the current assumption and prescribed transport and bio-kinetics parameters, the 
proposed model promisingly simulated the nitrogen dynamics of the pilot-scale 
VFCW treating septage. The current study calibrated the parameters by matching the 
simulated results to the concentration of NH4
+-N and NO3
--N in the effluent, where the 
prescribed transport and bio-kinetics parameters reasonably predicted the overall 
nitrogen dynamics in the pilot-scale VFCW. The transport parameters were found to 
be 1 cm, 5 cm, 15 cm, and 25 cm for sludge deposit layer, intermediate layer, small 
size gravel layer, and medium size gravel layer, respectively. The adsorption 
coefficient was only implemented in the sludge deposit layer and the intermediate layer, 
which contained a certain amount of organic matter within the medium. The bio-
kinetics parameters were calibrated from the available literature data. The influent 
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quality, hydraulic behaviour, and initial conditions were the main variables in the 
simulation. The biofilm was assumed to be only present in the sludge deposit layer and 
the intermediate layer. The simulated results showed that the MAE (%) of NH4
+-N was 
generally below 10 %, but the error of NO3-
-N was approximately 20 % and up to 40 % 
in particular case. 
According to the simulation, nitrification was found to be the major removal pathways 
of NH4
+-N in the pilot plant, and it was followed by adsorption and consumption by 
the XH growth. Meanwhile, the NO3
--N in the effluent was only affected by the 
nitrification process. The water content, oxygenation and biofilm distribution are 
referred to as the main influencing factors in the nitrogen dynamics. In terms of water 
content, a saturated condition stimulates the biological process as the contact between 
the contaminants and biofilm is enhanced, while the rapid flux in the VFCW system 
limits a complete nitrification to take place. Nitrification is a strictly aerobic process, 
and thus the fluctuation of oxygen content can directly result on its dynamic. As the 
laboratory experiment showed that DO in the effluent was always high, the proposed 
model assumed that DO was under a quasi-steady state, where its concentration 
constantly remained at 5 mg l-1 throughout the operation to simplify the simulation. In 
the proposed model, the influence of oxygen is minor when its concentration is above 
5 mg l-1 in the expression of Monod kinetic.  
The linear adsorption isotherm in VF_Sep successfully minimized the discrepancies 
between the measured data and simulated results of NH4
+-N in the effluent. This 
process is not affected by the biofilm growth and oxygen content in the wetland bed, 
which generally delivers an instantaneous and consistent removal towards NH4
+-N. 
Due to the high organic load in the septage treatment, the consumption of NH4
+-N by 
the excessive growth of XH was noticeable to the overall nitrogen dynamics. This 
mechanism was vital to accurately predict the substantial drop of NH4
+-N in the late 
phase of discharge. The hydrolysis of retained XS at the wetland surface successfully 
described the increase of NH4
+-N in the early effluent. The nitrogen uptake by the 
vegetation was negligible in the simulation of the VFCW-based septage treatment 
system. 
In summary, a further work is required in future studies to provide better insights to 
the simulation of the VFCW treating septage: 
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 The initial concentration of oxygen, nitrogenous constituents, and active 
biofilm along the wetland bed should be measured to improve the accuracy of 
simulation; 
 An oxygen profile in the wetland bed is essential to investigate the renewal and 
consumption of DO during the operation and resting period; 
 A water content profile should be obtained to link the treatment efficiency with 
saturation level; 
 The distribution of active biofilm along the depth of wetland bed should be 
measured to validate the current assumptions in the simulation of microbial 
activities; 
 Laboratory experiments should be carried out to determine the adsorption 
capacity of NH4
+-N and active biofilm in the sludge deposit and gravel bed, 
where a rate-limiting adsorption should be implemented instead of linear 
adsorption to avoid the unlimited adsorption and biomass growth in the 
simulation; 
 The modelling of nitrogen dynamics should be carried out simultaneously with 
the dynamics of organic matter. Nevertheless, the fraction of organic matter in 
terms of particulate and dissolved, as well as biodegradable and inert, were 
unclear in this study;   
 The filtration in the wetland bed should be further analysed to accurately 
simulate the treatment performance. 
 The influence of temperature and alkalinity to the bio-kinetics should be further 
studied to enhance the understanding of their interactions to the bio-kinetics. 
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Chapter 8 Conclusion and Recommendation 
 
8.1. Summary of work 
The analysis of the influence of system configurations and loading regimes in a vertical 
flow constructed wetland (VFCW) treating septage still remained at a “black-box” 
level in the literature (Jong 2014). In fact, the hydraulic behaviour of the VFCW-based 
septage treatment system is inconsistent due to the intermittent batch loading, 
subsequently leading to a highly variable treatment efficiency. However, the 
knowledge with regards to this behaviour is lacking in the literature, especially for the 
nitrogen dynamics throughout the feeding-draining cycle.  
In this study, the hydraulic behaviour and the nitrogen dynamics in the first stage 
treatment of a pilot-scale, two-stage VFCW–based septage treatment system were 
investigated and simulated. The wetland bed was constructed using three layers of 
crushed limestone in a polyethylene tank with a surface area of 1.10 m2 and a depth of 
0.74 m. A layer of sludge deposit was formed at the top surface after two months of 
acclimatization. Twenty-five sets of data were obtained for the analysis of hydraulic 
behaviour and treatment efficiency with varying hydraulic loading rate (HLR), ranging 
from 50 l to 150 l per load.  
A mechanistic model, which was named as VF_Sep, was developed using the 
simulation software MATLAB ® to numerically describe the hydraulic performance 
and the degradation process in the VFCW-based septage treatment system. The 
proposed model consisted of a variably-saturated flow module, a transport module, 
and a bio-kinetics module. This study aims to simulate the nitrogen dynamics in a 
pilot-scale VFCW system, and thus VF_Sep was only calibrated to match the 
concentration of NH4
+-N and NO3
--N in the effluent. In this chapter, the findings and 
significance of this study are concluded; alongside with several recommendations for 
further studies are listed.  
8.2. Conclusion 
8.2.1. Laboratory experiment 
The pilot-scale VFCW-based septage treatment system was operated for twenty-five 
runs to investigate its hydraulic behaviour and treatment efficiency. The experimental 
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results revealed that the water recovery and peak effluent flux in the pilot-scale VFCW 
were greatly affected by the thickness of the sludge deposit layer. The retention of 
solids at the wetland surface forms a low-permeability layer that “regulates” the 
percolation rate in the wetland bed. Although the influence of hydraulic and solids load 
was insignificant, both of these parameters govern the accumulation rate of sludge 
deposit; thereby they are vital in terms of long-term operation.  
During the operation, the effect of evapotranspiration (ET) was limited in the VFCW 
due to the short hydraulic retention time. However, this drying process could be 
remarkable during the resting period by forming cracks in the sludge deposit layer. 
Therefore, the resting period is a key feature to avoid substrate clogging, which 
eventually extends the lifespan of the wetland bed. 
In general, the hydraulic behaviour can be categorized into “typical flow”, “bypass”, 
and “clogged” cases. The effluent flux of “typical flow” case was proportional to the 
level of surface ponding, while the “bypass” case showed that the effluent flux 
accelerated at the early phase of discharge due to the cracks created mechanically by 
the combined effect of wind and vegetation. The effluent flux in the “clogged” case 
was always slow and reduced to insignificant rate due to the over-accumulation of 
sludge deposit.  
Overall, the pilot-scale VFCW showed a great potential in delivering a promising 
treatment performance for septage. According to the laboratory system, the aeration 
capacity of the system was remarkable, where the dissolved oxygen (DO) 
concentration was generally above 5 mg l-1. The performance of total solids (TS) and 
total chemical oxygen demand (TCOD) removal was excellent, achieving an 
efficiency of 78 % and 89 % respectively. However, the treatment of nitrogenous 
constituents was relatively poor. The mean removal rate of total nitrogen (TN) was 
approximately 68%, while the removal of ammonium (NH4
+-N) was less than 50 %. 
Nitrification was favourable in the pilot plant, and thus the concentration of nitrate 
(NO3-
-N) generally increased in the effluent.  
The continuous sampling of effluent determined the dynamics of hydraulic behaviour 
and nitrogen transformations in the pilot-scale VFCW-based septage treatment system. 
The concentration of NH4
+-N and NO3
--N was compared to the associated hydraulic 
behaviour, and the analysis highlighted that a slower effluent flux generally delivered 
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a better aeration efficiency and solid deposition. In addition, the treatment efficiency 
of TCOD, TN, and NH4
+-N were improved. This relationship was further investigated 
using linear regression analysis, where the value of the coefficient of determination 
(R2) was generally above 0.80 in the cases with “typical flow”. Accordingly, this study 
has revealed the direct relationship between the hydraulic behaviour and nitrogen 
dynamics in the VFCW-based septage treatment system. These outcomes have filled 
the gaps in terms of the “black-box” in such a system. 
The findings in the laboratory experiment highlight that the hydraulic control is crucial 
in the optimization of treatment performance in the VFCW-based septage treatment 
system. The treatment of nitrogenous constituents in the pilot-scale VFCW 
underperformed due to the rapid percolation rate. A thicker sludge deposit layer could 
improve the treatment performance by prolonging the hydraulic retention time. 
However, the consequence of substrate clogging should be considered to sustain the 
long-term operation of the system. Thus, an additional stage of treatment is suggested 
to further remove the residual NH4
+-N and excessive NO3
--N in the percolate from the 
first stage treatment.  
8.2.2. Modelling of the hydraulic behaviour in the VFCW-based septage 
treatment system 
A dual-porosity transport model was used to simulate the hydraulic behaviour in the 
VFCW-based septage treatment system. The Richards equation was employed to 
describe the variably-saturated flow in the mobile region, while the hydraulic 
parameters were characterized using the van Genuchten-Mualem model. The water 
content in the immobile region is only affected by the water exchange from the mobile 
region. The upper boundary condition was set to be flux-controlled to describe the 
intermittent loading, while it is capable of switching to head-controlled when a pond 
is formed at the wetland surface. Free drainage was used as the lower boundary 
condition. The influence of evapotranspiration (ET) and sludge accumulation were 
considered. The substrate profile of the pilot-scale VFCW was divided into four layers, 
which were the sludge deposit layer, intermittent layer, small size gravel layer, and 
medium size gravel layer. The hydraulic parameters were calibrated from the measured 
data by taking the hydraulic loading rate and thickness of the sludge deposit as 
variables.  
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Both laboratory experiment and hydraulic simulation indicated that the sludge deposit 
was a vital influencing factor to the hydraulic efficiency of the pilot-scale VFCW. The 
hydraulic conductivity of the sludge deposit layer and the initial pressure distribution 
showed a great impact on the accuracy of the simulation. The effluent flux was 
calibrated according to the hydraulic conductivity of the sludge deposit layer, which 
showed a dependency on the sludge deposit thickness. On the other hand, the initial 
pressure distribution was adjusted to match the flow occurring delay. The 
accumulation rate of sludge deposit was computed according to the TS concentration 
in the influent.  
This attempt successfully reproduced the dynamics of effluent flux, where the mean 
absolute percentage errors (MAE (%)) and R2 between the simulated and measured 
data were generally below 15 % and approximately 0.80, respectively. Besides, the 
majority of error was caused by the rapid deceleration of effluent flux at the late phase 
of discharge, and thus the cases with poor water recovery were generally accompanied 
with higher MAE (%).  
The laboratory experiment also discovered that a certain level of raw septage was 
retained at the wetland surface during the late phase of treatment. Accordingly, a 
correction factor (CR) was added to in the simulation to refine the loading rate. This 
attempt was feasible to reduce the MAE (%) to approximately 10 % and improve the 
values of R2. As a result, the implementation of CR derived from the water recovery 
percentage effectively improve the accuracy of the simulation. 
Due to the short hydraulic retention time, the influence of ET was limited in the 
simulation. Besides, VF_Sep describes the effect of sludge accumulation by 
considering the increase of its thickness only, where the estimation showed that the 
associated effect was minor. The reduction of the porosity in the sludge deposit during 
loading should be further studied to improve the accuracy of the proposed model. The 
simulated results were compared to a commercial simulation software HYDRUS-1D, 
which obtained a good match for the peak effluent flux, but the flow occurring delay 
was slightly over-predicted.  
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8.2.3. Modelling of the nitrogen dynamics in the VFCW-based septage treatment 
system 
The transport of contaminant was described using the advection-dispersion equation 
(ADE). The adsorption was simulated using linear isotherm. The bio-kinetics module 
was developed using a Gujer matrix method, which combines the stoichiometric 
relation, composition parameter, Monod kinetics, and temperature coefficient. Eleven 
components were considered in the proposed model, including DO, alkalinity, four 
fractions of organic matter, NH4
+-N, NO3
--N, nitrogen gas, heterotrophic biomass and 
autotrophic biomass. The processes involved in the bio-kinetics module are hydrolysis, 
aerobic growth of XH, denitrification, nitrification, and lysis of XH and XA. The active 
biomass was assumed to be stationary in the sludge deposit and intermediate layers, 
while the adsorption was only imposed to NH4
+-N. The slowly biodegradable and 
particulate inert organic matter were described to be retained at the wetland surface as 
a result of surface filtration. NH4
+-N and NO3
--N is potential to be extracted by the 
vegetation as a nutrient source. The influent quality and hydraulic behaviour were the 
variables in the simulation of contaminant transport.  
The proposed model demonstrated that an accurate hydraulic simulation was a 
prerequisite to the modelling of nitrogen dynamics. The transport parameters and 
adsorption coefficient were calibrated in advance to deliver a set of prescribed 
parameters. The bio-kinetics parameters were obtained from the literature and were 
factorized to the temperature of effluent. The DO was assumed to be under a quasi-
steady state at 5 mg l-1 throughout the simulation. The distribution of biomass was 
calibrated according to the measured NO3
--N to obtain a set of prescribed biomass 
concentrations, which was applied to every simulation. In this context, the initial 
concentrations of NH4
+-N and NO3
--N in the wetland bed were the only parameters to 
be adjusted to match the measured data. 
VF_Sep has been calibrated according to the measured data of the VFCW-based 
septage treatment system, and the overall trend of nitrogen dynamics was successfully 
reproduced. The MAE (%) between the measured and simulated NH4
+-N 
concentration were below 10%, while the MAE (%) of NO3
--N were relatively higher 
and exceeded 40 % in particular case. The high MAE (%) could be attributed to the 
low measured NO3
--N in the laboratory experiment. Besides, the discrepancies of 
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--N concentration were more significant at the late phase 
of discharge as the efficiency of nitrification was under-predicted.  
According to the simulation, nitrification was found to be the most significant 
removing mechanism of NH4
+-N. The efficiency of nitrification was dependent on the 
concentration of biomass, where the removal was more significant when the biofilm 
had been well-developed at the late phase of treatment. The concentration of DO 
greatly affected the simulation of the aerobic process, where the implementation of 
constant DO is feasible in describing the continuous aeration from the ventilation 
devices throughout the operation.  
As the reduction of NH4
+-N was generally higher than the increase of NO3
--N in the 
effluent, the adsorption of NH4
+-N in the wetland bed was referred as the second most 
important process in removing NH4
+-N. The consumption of NH4
+-N by the aerobic 
growth of heterotrophic biomass significantly reduced the concentration at the late 
phase of the discharge due to the well-developed biomass. 
The ammonification process, which was lumped in the hydrolysis of slowly 
biodegradable organic matter, potentially increased the concentration of NH4
+-N in the 
simulation. However, a further study is required to determine the nitrogen content in 
the total chemical oxygen demand. 
Conclusively, the objectives of this thesis, including the development and calibration 
of a mechanistic model for the VFCW-based septage treatment system, VF_Sep, as 
well as the identification of the relation between hydraulic behaviour and nitrogen 
dynamics through the laboratory experiment and numerical simulation, have been 
successfully achieved. VF_Sep is an economical alternative to investigate the 
governing parameters of the VFCW-based septage treatment system. Several useful 
insights have been gained to enhance the understanding in the VFCWs treating septage, 
which could be helpful for its development in terms of the treatment efficiency and 
sustainability.  
8.3. Significance of current work 
A lack of design and operation guideline for the VFCW treating septage is the main 
reason that hindered the development of such a green technology. Koottatep et al. 
(2004) and Jong (2014) have established a set of basic guidelines for the design and 
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operation of VFCW-based septage treatment system, including the substrate profile, 
optimal solids loading rate (SLR) and frequency of loading. However, these 
assessments focused on the removal rate between the influent and effluent only, while 
a combined study of hydraulic behaviour and treatment performance was absent in the 
literature. The direct relationship between the hydraulic behaviour and the nitrogen 
dynamics revealed in this study has gained important insights towards the hydraulic 
control of the VFCW-based septage treatment system. Besides, the interactions 
between the hydraulic behaviour and HLR, SLR, and sludge thickness were studied, 
which contributes helpful information for the establishment of design and operation 
guideline in the future.  
The development of the mechanistic model, VF_Sep, potentially revealed the “black-
box” in the VFCW-based septage treatment system. The proposed model is a starting 
point for the research to numerically formulate the treatment processes in such a 
septage treatment system. VF_Sep provides a platform to simulate the hydraulic flow, 
contaminant transport, microbial activities, and the associated influence factors 
simultaneously under varying substrate profile and loading regime. The current 
outcome indicated that VF_Sep has a good potential to be an economical tool in 
designing and optimizing the configurations and operation to improve the removal of 
nitrogenous constituents.  
In addition, the simulated results could be a set of reference to enhance the 
sustainability of the VFCW-based septage treatment system. As the substrate clogging 
is the main drawback that shortens the lifespan of the system, the hydraulic simulation 
of VF_Sep can be used as a reference to evaluate the hydraulic efficiency of the 
wetland bed under varying sludge thickness. In summary, a number of useful insights 
have been gained to the knowledge of the septage treatment using the VFCW, 
subsequently encouraging the implementation of such a system in the local area.     
8.4. Recommendations for Future Work  
Due to the limitation of this study, a number of further studies are required to enhance 
the understanding of this system to improve the efficiency and reliability of the system. 
These gaps of knowledge are summarized and the recommendations are suggested as 
follows: 
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 The microbial activities are the major mechanism for removing the organic 
matter and nitrogenous constituents. However, the understanding with regards 
to the amount of active biomass in the pilot-scale VFCW-based septage 
treatment system was limited. The measurement of attached biofilm along the 
substrate profile could be carried out to enhance the knowledge of the 
development of the microbial community throughout the operation and resting 
period.  
 The current laboratory experiment only focused on the outflow dynamics and 
the associated quality. Although it delivered a simple approach to analyse the 
efficiency of the pilot-scale system, the interactions between contaminants, 
porous medium, oxygen, and active biomass along the substrate profile were 
not measured through the laboratory experiment. Therefore, the percolate 
could be sampled at a different depth of substrate to develop a profile of 
particular contaminant in the wetland bed, which will be helpful to understand 
the activities in the pilot-scale VFCW. 
 A great aeration capacity was observed in the pilot-scale VFCW-based septage 
treatment system. This could be attributed to the intermittent loading regime 
and the installation of ventilation pipes in the wetland bed. However, the lack 
of oxygen profile hinders the analysis of the aeration capacity in the system. A 
further investigation on the consumption and restoration of oxygen content 
during the loading and resting period is necessary to fill such a research gap.  
 ET is a significant dewatering mechanism in the pilot-scale VFCW during the 
resting period. However, its measurement was absent in this study, and thus its 
overall contribution to the water loss was unable to be concluded at the moment. 
A detail investigation on the water loss with respect to the temperature, wind 
effect and vegetation uptake is suggested to develop better understanding of 
the effect of ET.   
 The accumulation of sludge deposit was found as an effective layer to enhance 
the hydraulic retention time and remove the particulate constituents from the 
influent. However, the analysis of this layer was briefly conducted in this study, 
where the laboratory experiments indicated that significant amount of COD 
and NH4
+-N were measured. To highlight the contribution of this layer to the 
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overall treatment performance, a comprehensive investigation could be carried 
out with regards to its moisture content, accumulation rate and quality 
throughout the feeding-resting cycle. The same method could also be 
conducted to determine the influence of vegetation in the nitrogen cycle.   
 A set of tracer test has been carried out by using sodium bromide as tracer in 
this study. However, the results were considered to be unreliable due to the 
poor tracer recovery. It has reflected that the salt tracer might be inappropriate 
to be used in the wetland system. A further study on the tracer test using dye 
could be carried out to provide more data with regards to the hydraulic 
behaviour to validate the model.  
 The current version of model is only capable of simulating the hydraulic 
behaviour and nitrogen dynamics with free drainage, and thus it was only 
applied to the first stage treatment of the pilot-scale system. The application of 
model to the second stage treatment requires certain modification to the lower 
boundary condition to describe the impounding condition. In addition, such a 
loading regime hinders the calibration of hydraulic simulation due to the 
absence of outflow dynamics, and thus the measurement of moisture content 
at different depth of wetland bed is essential throughout the operation of second 
stage treatment.  
 In this study, the values of the parameters, including the hydraulic parameters, 
initial concentration of oxygen, organic matter, nitrogenous constituents, active 
biofilm and alkalinity along the substrate profile were obtained from the 
literature or based on the calibration due to the limitation of time and budget. 
In order to improve the capability of the model in describing the real situations, 
adequate laboratory testing should be carried out to to determine the values of 
these parameters. The measurement of oxygen profile is important for the 
estimation of reaeration rate to enhance the capability of the model. In addition, 
the adsorption capacity of NH4
+-N and the concentration of biofilm are 
necessary to be determined to improve the simulation.  
 In this study, the modelling of clogging due to the sludge accumulation was at 
a macroscopic level. The delay of hydraulic flow was conceptualized to be 
affected by the sludge thickness only, while the implementation of head loss 
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theory such as Kozeny-Carman equation could improve the performance of the 
model.  
 Although the cycle of organic matter were considered in the proposed model, 
its simulation were not carried out due to the lacking of measured data. To 
model the dynamics of organic matter, a comprehensive laboratory experiment 
could be conducted to provide sufficient measured data for the calibration.  
 The modelling of filtration in the pilot-scale VFCW treating septage could be 
further studied to improve the simulation of retained solids. 
 A heat transport module could be added to the proposed model to gain a better 
understanding to the influence of temperature.  
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where ET  = potential evapotranspiration rate (mm d-1) 
 ETrad  = radiation term (mm d
-1) 
 ETaero  = aerodynamic term (mm d
-1) 
 λ  = latent heat of vaporization (=2.45 MJ kg-1) 
 Rn  = net radiation at surface (MJ m
-2 d-1)  [refer to equation A.2] 
 G  = soil heat flux (MJ m-2 d-1)   [refer to equation A.3] 
 ρa = atmospheric density (kg m
-3)  [refer to equation A.4] 
 Cp = specific heat of moist air (=1.013 × MJ kg-1 ˚C-1) 
 es = the saturation vapour pressure at particular temperature (kPa) 
        [refer to equation A.5] 
 ea = the actual vapour pressure   [refer to equation A.2i] 
 rc = crop canopy resistance (s m
-1)  [refer to equation A.6] 
 ra = aerodynamic resistance (s m
-1)  [refer to equation A.7] 
 γ = psychrometric constant (kPa ˚C-1)  [refer to equation A.8] 
 ∆ = slope of the vapour pressure curve (kPa ˚C-1)  
[refer to equation A.9] 
  
𝑅𝑛 = 𝑅𝑛𝑠 − 𝑅𝑛𝑙   (A.2) 
 
Where Rns = net solar or short-wave radiation (MJ m
-2 d-1) [refer to equation A.2a] 
 Rnl = net outgoing long-wave radiation (MJ m
-2 d-1) [refer to equation A.2i] 
 
𝑅𝑛𝑠 = (1 −  𝛼)𝑅𝑠  (A.2a) 
where α  = albedo or the canopy reflection coefficient (=0.23) 
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 RS = incoming solar radiation (MJ m
-2 d-1) [refer to equation A.2b] 
  





where as & bs = parameters for the fraction of radiation (as = 0.25 and bs -0.5) 
 n = daylight hour (= 12 hours) 
 N = maximum possible duration of sunshine or daylight hours  
[refer to equation A.2c] 





 𝜔𝑠 (A.2c) 
where  π = pi (=3.1416) 





𝑑𝑟(𝜔𝑠 sin𝜑 sin 𝛿 + cos𝜑 cos 𝛿 sin𝜔𝑠) 
(A.2d) 
 
where GSC = solar constant  (=0.0820 MJ m-2 min-1) 
 dr = relative distance between Earth and Sun (-)[refer to equation A.2f] 
 φ = site latitude (rad)   (Miri=4.33˚) 
 δ = solar declination (rad)   [refer to equation A.2g] 
 
𝜔𝑠 = cos
−1(− tan𝜑 tan 𝛿) (A.2e) 
 





where J = Julian day, number of the day in the year (-)  
𝛿 = 0.409 sin (
2𝜋
365
𝐽 − 1.39) (A.2g) 
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] (0.34 − 0.14√𝑒𝑎) (1.35 
𝑅𝑠
𝑅𝑆𝑂
− 0.35) (A.2h) 
 
where σ = Stefan-Boltzmann constant (=4.903×10-9 MJ K-4 m-2 day-1) 
Tmax,k = maximum absolute temperature during the 24-hour period 
(=˚C+273.16) 
Tmin,k = minimum absolute temperature during the 24-hour period 
(=˚C+273.16) 
ea = actual vapour pressure (KPa)  [refer to equation A.2i] 
RS = incoming solar radiation (MJ m
-2 day-1) [refer to equation A.2b] 
RSO = calculated clear sky radiation (MJ m
-2 day-1) 
 [refer to equation A.2l] 













Where eo(Tmax) = saturation vapour pressure at maximum temperature (kPa)
        [ refer to equation A.2j] 
eo(Tmin) = saturation vapour pressure at minimum temperature (kPa) 
        [ refer to equation A.2k] 
RHmax  = maximum relative humidity (%) 
RHmin  = minimum relative humidity (%) 
 













where  Tmax = maximum temperature during the 24-hour period (˚C) 
Tmin = minimum temperature during the 24-hour period (˚C) 
 
𝑅𝑠𝑂 = (𝑎𝑠 + 𝑏𝑠)𝑅𝑎 (A.2l) 
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where as & bs = parameters for the fraction of radiation (as = 0.25 and bs -0.5) 
 Ra = extraterrestrial radiation (MJ m-2 d-1) [refer to equation A.2d] 
 
{
𝐹𝑜𝑟 𝑑𝑎𝑦 𝑎𝑛𝑑 10 − 𝑡𝑒𝑛 𝑝𝑒𝑟𝑖𝑜𝑑𝑠, 𝐺𝑑𝑎𝑦  ≈ 0
𝐹𝑜𝑟 ℎ𝑜𝑢𝑟𝑙𝑦 𝑜𝑟 𝑠ℎ𝑜𝑟𝑡𝑒𝑟 𝑝𝑒𝑟𝑖𝑜𝑑𝑠, 𝐺ℎ𝑟 = 0.1𝑅𝑛 
 (A.3) 
 
where Rn = net radiation at surface (MJ m







where P = actual pressure (kPa)   [refer to equation A.4a] 
 Tmean = mean temperature (˚C)   [refer to equation A.4b] 
 














where Tmin = minimum temperature (˚C) 







where eTmin = saturation vapour pressure at the minimum temperature (kPa) 
        [refer to equation A.5a] 
  eTmax = saturation vapour pressure at the maximum temperature (kPa) 
        [refer to equation A.5b] 
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where Tmin = minimum temperature (˚C) 








where rl = bulk stomatal resistance of the well-illuminated leaf (=100s m-1) 
 LAIactive = active leaf area index (leaf area/ soil surface)  
[refer to equation A.6a] 













Where zm = height of wind measurement (m) 
 zh = height of humidity measurement (m) 
 d = zero plane displacement height (m)  [refer to equation A.7a] 
 zom = roughness length governing momentum transfer (m) (=0.123 h) 
        [refer to equation A.7b] 
 zoh = roughness length governing transfer of heat and vapour 
        [refer to equation A.7c] 
 k = von Karman’s constant (=0.41) 








𝑧𝑜𝑚 = 0.123 ℎ 
 
(A.7b) 
𝑧𝑜ℎ = 0.1 𝑧𝑜𝑚 (A.7c) 
 
where  h = height of crop (m) 
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where  P = atmospheric pressure (kPa)   [refer to equation A.4a] 
 λ = latent heat of vaporization (=2.45 MJ kg-1) 
 Cp = specific heat of moist air (=1.013 × MJ kg-1 ˚C-1) 













Where Tmean = mean temperature (˚C)   [refer to equation A.4b] 
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Appendix B: Derivation of Advective term in the Advective-Dispersion equation 









− 𝑞𝑐] (B.1) 










Similar to Bresler (1973), the numerical derivation of the advection term accounted on 
Taylor’s series up to second-order truncation error, but an average concentration 








































+ 𝑂(∆𝑧3) (B.6) 











































where the terms at the left side is equivalent to 
𝜕𝑞𝑐
𝜕𝑧
 in equation B.2, and thus the 






















Using the Crank-Nicolsen scheme, the advection term is presented as: 
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Appendix C: Experimental Results of Hydraulic Behaviour and Treatment 
Performance 































Influent - - - 7.39 0.35 54.90 10.20 26.90 1383 3400 51 
4.50 - 0.0000 0.0000 - - - - - - - - 
14.50 290 -0.0026 -0.0264 7.91 6.78 21.00 17.70 27.90 567 1800 20 
24.50 1100 -0.0100 -0.1264 7.81 6.06 23.40 16.40 27.40 - - - 
34.50 1695 -0.0154 -0.2805 7.78 6.11 26.40 14.80 27.80 - - - 
42.00 1850 -0.0224 -0.4486 7.80 5.92 29.00 12.90 27.80 - - - 
46.83 1345 -0.0253 -0.5709 7.82 6.14 29.20 12.00 27.60 566 1600 36 
54.00 1825 -0.0231 -0.7368 7.81 5.98 30.50 11.40 27.90 - - - 
60.17 1610 -0.0237 -0.8832 7.83 6.17 29.30 11.20 27.80 - - - 
66.00 1680 -0.0262 -1.0359 7.84 6.09 30.50 11.70 27.80 - - - 
70.00 1150 -0.0261 -1.1405 7.85 6.10 29.30 10.50 28.20 538 1600 59 
76.00 1710 -0.0259 -1.2959 7.87 6.04 30.50 10.50 29.00 - - - 
81.33 1355 -0.0231 -1.4191 7.88 6.09 31.00 9.94 29.10 - - - 
87.50 1730 -0.0255 -1.5764 7.90 5.99 32.30 9.96 29.50 - - - 
93.00 1470 -0.0243 -1.7100 7.92 6.27 31.00 9.78 29.30 - - - 
100.00 1875 -0.0244 -1.8805 7.93 6.07 31.90 9.55 29.20 523 1200 28 
110.00 2600 -0.0236 -2.1168 7.91 6.04 31.10 16.70 28.80 - - - 
120.00 2600 -0.0236 -2.3532 8.13 6.04 28.90 14.70 30.00 - - - 
130.00 2355 -0.0214 -2.5673 7.97 6.07 31.10 12.30 29.20 - - - 
180.00 11350 -0.0206 -3.5991 7.96 4.99 30.70 14.10 28.60 - - - 
190.00 2225 -0.0202 -3.8014 8.03 6.58 28.60 11.30 29.60 - - - 
200.00 2065 -0.0188 -3.9891 8.00 6.00 28.90 10.90 29.70 396 800 29 
230.00 6190 -0.0188 -4.5518 7.98 6.35 26.40 15.50 29.40 - - - 
260.00 4622 -0.0140 -4.9720 8.01 6.32 24.10 12.50 28.90 298 800 19 
290.00 2915 -0.0088 -5.2370 7.99 5.96 22.00 12.30 28.90 - - - 
380.00 3700 -0.0037 -5.5734 7.84 6.10 15.70 16.80 28.60 - - - 
550.00 2500 -0.0013 -5.8006 7.71 5.65 9.14 17.40 28.10 - - - 
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Influent - - - 7.34 0.25 47.00 10.00 26.80 4578 10600 176 
38.00 - 0.0000 0.0000 - - - - - - - - 
43.00 78 -0.0014 -0.0071 8.11 7.04 6.89 21.60 28.60 - - - 
53.00 194 -0.0018 -0.0247 8.03 7.04 10.00 32.30 29.30 378 1400 32 
63.00 300 -0.0027 -0.0520 7.94 6.86 13.20 29.20 29.50 - - - 
73.00 406 -0.0037 -0.0889 7.94 6.77 14.40 28.10 28.80 - - - 
83.00 556 -0.0051 -0.1395 7.85 6.33 14.00 28.90 29.00 - - - 
93.00 648 -0.0059 -0.1984 7.82 6.43 15.60 26.90 30.50 - - - 
103.00 690 -0.0063 -0.2611 7.86 6.29 16.10 25.10 30.70 340 1200 48 
130.00 2025 -0.0068 -0.4452 7.87 5.89 18.40 29.20 29.30 - - - 
160.00 3420 -0.0104 -0.7561 7.84 6.12 19.70 26.60 31.50 - - - 
190.00 3990 -0.0121 -1.1188 7.85 6.26 20.50 26.90 31.30 - - - 
220.00 4130 -0.0125 -1.4943 7.89 6.11 21.10 27.50 29.60 354 1200 47 
250.00 4420 -0.0134 -1.8961 7.96 6.51 21.40 25.90 28.70 - - - 
280.00 4320 -0.0131 -2.2888 7.96 6.65 20.70 26.80 29.30 - - - 
310.00 4085 -0.0124 -2.6602 7.96 6.42 20.30 25.70 29.20 - - - 
340.00 4265 -0.0129 -3.0479 7.95 6.20 20.40 26.00 29.30 315 1200 46 
370.00 3615 -0.0110 -3.3765 8.01 6.76 20.50 27.00 28.20 - - - 
400.00 3425 -0.0104 -3.6879 7.98 6.43 20.00 25.40 27.70 - - - 
430.00 3420 -0.0104 -3.9988 7.99 6.47 20.00 27.30 27.00 317 1400 37 
460.00 3435 -0.0104 -4.3111 7.98 6.42 19.20 32.00 26.80 - - - 
490.00 3345 -0.0101 -4.6152 7.94 6.58 20.10 24.10 26.70 - - - 
520.00 3280 -0.0099 -4.9134 7.90 6.41 19.70 26.40 26.80 - - - 
550.00 3450 -0.0105 -5.2270 7.86 6.45 18.90 23.20 26.80 260 600 31 
610.00 2915 -0.0044 -5.4920 7.75 5.97 16.20 28.20 26.70 - - - 
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Influent - - - 7.45 0.48 47.90 11.00 26.90 1411 4800 120 
68.25 - 0.0000 0.0000 - - - - - - - - 
73.25 510 -0.0093 -0.0464 7.83 6.70 36.00 13.50 28.30 951 2400 56 
78.25 740 -0.0135 -0.1136 7.84 6.74 38.90 12.00 27.90 - - - 
83.25 760 -0.0138 -0.1827 7.84 6.68 37.90 12.00 28.70 766 1600 42 
88.25 770 -0.0140 -0.2527 7.83 6.74 38.30 11.40 28.80 - - - 
93.25 790 -0.0144 -0.3245 7.83 6.63 38.10 11.40 28.50 - - - 
98.25 780 -0.0142 -0.3955 7.83 6.72 38.70 10.80 29.80 764 1400 50 
108.25 1620 -0.0147 -0.5427 7.83 6.66 38.10 10.80 28.30 - - - 
118.25 1640 -0.0149 -0.6918 7.81 6.74 36.90 12.00 30.60 - - - 
128.25 1625 -0.0148 -0.8395 7.81 6.13 35.10 13.80 31.00 635 1400 38 
38158.25 4800 -0.0145 -1.2759 7.78 6.06 31.90 22.10 32.50 - - - 
188.25 4050 -0.0123 -1.6441 7.89 6.50 30.00 25.00 32.00 - - - 
218.25 3760 -0.0114 -1.9859 7.82 6.16 28.50 26.90 31.90 - - - 
248.25 3915 -0.0119 -2.3418 7.79 6.06 25.50 28.90 30.90 334 1200 37 
278.25 3865 -0.0117 -2.6932 7.79 5.98 24.70 27.50 30.20 - - - 
308.25 3500 -0.0106 -3.0114 7.90 6.25 22.10 31.00 30.40 - - - 
338.25 3170 -0.0096 -3.2995 7.96 6.42 19.70 35.10 28.90 233 1400 27 
368.25 2535 -0.0077 -3.5300 7.95 6.47 16.50 39.50 27.30 - - - 
398.25 2255 -0.0068 -3.7350 7.91 6.29 15.90 38.00 27.70 - - - 
428.25 2380 -0.0072 -3.9514 7.89 6.37 15.60 32.30 28.20 209 1400 28 
488.25 4660 -0.0071 -4.3750 7.84 6.18 14.00 35.30 28.40 - - - 
548.25 3495 -0.0053 -4.6927 7.81 5.97 11.10 39.70 29.60 111 1400 22 
608.25 2320 -0.0035 -4.9036 7.57 6.63 8.15 44.00 29.60 - - - 
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Influent - - - 7.61 0.26 44.50 7.75 28.70 1019 1400 80 
47.50 - 0.0000 0.0000 - - - - - - - - 
57.50 825 -0.0075 -0.0750 7.59 5.90 5.32 40.10 30.00 - - - 
62.50 420 -0.0076 -0.1132 7.56 5.55 7.13 43.50 30.70 180 600 23 
69.00 635 -0.0089 -0.1709 7.55 5.46 8.13 47.90 31.60 - - - 
74.00 610 -0.0111 -0.2264 7.56 5.37 8.56 50.00 29.70 205 800 31 
79.00 735 -0.0134 -0.2932 7.60 5.62 10.60 49.50 30.30 - - - 
84.00 840 -0.0153 -0.3695 7.59 5.37 12.30 49.40 31.70 - - - 
94.00 2115 -0.0192 -0.5618 7.63 5.59 12.80 50.70 30.50 230 600 31 
104.00 2035 -0.0185 -0.7468 7.67 5.55 14.00 47.20 29.70 - - - 
114.00 2410 -0.0219 -0.9659 7.69 5.75 15.30 45.70 31.40 - - - 
124.00 2480 -0.0225 -1.1914 7.68 5.55 14.90 46.30 28.90 220 200 32 
134.00 2190 -0.0199 -1.3905 7.66 5.49 14.80 45.70 30.90 - - - 
144.00 2810 -0.0255 -1.6459 7.71 5.89 16.10 40.30 30.10 - - - 
174.00 8605 -0.0261 -2.4282 7.72 5.55 16.90 33.10 33.20 196 600 15 
204.00 8025 -0.0243 -3.1577 7.70 5.48 16.90 34.50 32.90 - - - 
234.00 7190 -0.0218 -3.8114 7.64 5.33 16.80 29.20 31.30 - - - 
264.00 6280 -0.0190 -4.3823 7.64 5.40 16.20 29.80 31.30 144 200 25 
294.00 6095 -0.0185 -4.9364 7.66 5.04 14.70 31.90 30.10 - - - 
324.00 2460 -0.0075 -5.1600 7.57 5.17 12.90 32.90 30.90 - - - 
354.00 2335 -0.0071 -5.3723 7.66 5.89 10.50 34.80 32.10 93 400 19 
384.00 1610 -0.0049 -5.5186 7.55 4.97 10.20 33.10 32.30 - - - 
444.00 2310 -0.0035 -5.7286 7.62 5.15 7.82 23.80 31.90 86 800 12 
504.00 1385 -0.0021 -5.8545 7.71 5.74 6.08 33.30 30.30 - - - 
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Influent - - - 7.68 0.45 41.80 14.10 29.70 - - - 
3.00 - 0.0000 0.0000 - - - - - - - - 
15.00 1205 -0.0091 -0.1095 7.74 6.28 23.10 49.40 28.70 - - - 
20.00 1100 -0.0200 -0.2095 7.77 5.87 24.00 52.90 29.00 - - - 
27.00 1575 -0.0205 -0.3527 7.72 5.95 25.70 44.00 28.80 - - - 
32.00 1215 -0.0221 -0.4632 7.73 5.94 25.40 44.90 28.70 - - - 
38.00 1650 -0.0250 -0.6132 7.75 5.89 26.80 41.40 29.10 - - - 
42.00 1085 -0.0247 -0.7118 7.77 6.00 26.50 43.10 28.90 - - - 
47.00 1400 -0.0255 -0.8391 7.76 6.02 26.90 39.40 28.50 - - - 
52.00 1450 -0.0264 -0.9709 7.75 5.91 27.90 38.80 29.20 - - - 
56.00 1230 -0.0280 -1.0827 7.78 6.14 27.00 38.50 29.10 - - - 
60.00 1160 -0.0264 -1.1882 7.76 6.03 27.40 37.80 29.50 - - - 
70.00 2935 -0.0267 -1.4550 7.77 6.15 27.10 33.60 29.60 - - - 
80.00 2815 -0.0256 -1.7109 7.70 6.17 26.20 30.70 30.00 - - - 
90.00 2880 -0.0262 -1.9727 7.79 6.22 27.60 29.20 30.80 - - - 
100.00 2890 -0.0263 -2.2355 7.75 6.02 28.60 29.30 31.50 - - - 
110.00 2880 -0.0262 -2.4973 7.80 6.23 28.20 27.80 31.40 - - - 
120.00 2765 -0.0251 -2.7486 7.79 6.14 26.60 27.50 31.20 - - - 
130.00 2785 -0.0253 -3.0018 7.79 6.33 28.20 25.80 31.90 - - - 
140.00 2855 -0.0260 -3.2614 7.78 6.09 27.10 25.70 32.50 - - - 
150.00 2920 -0.0265 -3.5268 7.80 6.15 27.50 26.20 31.50 - - - 
160.00 2885 -0.0262 -3.7891 7.77 6.18 24.60 28.40 30.70 - - - 
170.00 2895 -0.0263 -4.0523 7.78 6.26 26.00 25.30 30.70 - - - 
180.00 2905 -0.0264 -4.3164 7.76 6.12 26.40 25.50 33.00 - - - 
190.00 2900 -0.0264 -4.5800 7.78 6.27 25.20 25.90 31.60 - - - 
210.00 5210 -0.0237 -5.0536 7.76 5.98 24.30 26.80 31.00 - - - 
230.00 3915 -0.0178 -5.4095 7.75 5.73 23.80 25.60 31.80 - - - 
250.00 2055 -0.0093 -5.5964 7.78 5.68 23.90 25.50 32.30 - - - 
270.00 1265 -0.0058 -5.7114 7.81 5.71 21.40 25.70 31.00 - - - 
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Influent - - - 7.59 1.46 35.20 17.40 29.6 1583 1600 44 
31.00 - 0.0000 0.0000 - - - - - - - - 
36.00 1200 -0.0218 -0.1091 7.78 6.17 22.20 76.00 28.30 - - - 
41.00 1250 -0.0227 -0.2227 7.79 6.32 24.00 70.20 28.20 - - - 
46.00 1315 -0.0239 -0.3423 7.81 6.53 25.20 65.20 28.20 235 800 10 
51.00 1385 -0.0252 -0.4682 7.80 6.59 25.50 59.80 28.30 - - - 
56.00 1400 -0.0255 -0.5955 7.82 6.57 24.80 57.10 28.40 - - - 
61.00 1500 -0.0273 -0.7318 7.78 6.43 24.40 55.70 28.50 - - - 
66.00 1500 -0.0273 -0.8682 7.78 6.51 25.10 50.80 30.00 - - - 
76.00 3195 -0.0290 -1.1586 7.80 6.57 28.10 46.90 31.20 - - - 
86.00 3155 -0.0287 -1.4455 7.79 6.25 28.50 47.40 30.50 - - - 
96.00 3180 -0.0289 -1.7345 7.83 6.70 29.20 43.80 31.50 207 400 38 
106.00 3145 -0.0286 -2.0205 7.84 6.62 28.80 44.40 31.70 - - - 
116.00 2915 -0.0265 -2.2855 7.84 6.33 28.20 45.40 29.60 - - - 
126.00 2915 -0.0265 -2.5505 7.88 6.68 29.20 44.30 29.90 220 600 20 
156.00 8960 -0.0272 -3.3650 7.79 6.20 30.00 41.80 30.70 161 600 6 
186.00 6735 -0.0204 -3.9773 7.74 6.37 27.60 41.90 30.40 138 200 6 
216.00 3660 -0.0111 -4.3100 7.75 6.33 24.70 43.30 30.20 124 400 14 
246.00 1940 -0.0059 -4.4864 7.79 6.14 23.20 49.60 30.40 102 200 13 
306.00 1755 -0.0027 -4.6459 7.89 6.62 15.20 59.70 28.50 - - - 
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Influent - - - 7.41 0.30 36.40 28.50 30.90 997 1400 78 
21.75 - 0.0000 0.0000 - - - - - - - - 
26.75 1860 -0.0338 -0.1691 7.63 6.63 30.00 41.80 28.60 200 1000 20 
31.00 2550 -0.0545 -0.4009 7.68 6.55 29.50 45.70 28.60 - - - 
36.00 2815 -0.0512 -0.6568 7.67 6.35 29.10 48.50 28.60 - - - 
41.00 3275 -0.0595 -0.9545 7.66 6.11 27.30 53.20 29.70 - - - 
46.00 3360 -0.0611 -1.2600 7.70 6.35 28.60 54.10 28.90 - - - 
51.00 3500 -0.0636 -1.5782 7.72 6.34 29.10 47.00 28.90 180 800 34 
56.00 3570 -0.0649 -1.9027 7.72 6.30 27.30 46.40 29.40 - - - 
61.00 3585 -0.0652 -2.2286 7.73 6.24 28.90 49.10 29.30 - - - 
66.00 3550 -0.0645 -2.5514 7.77 6.44 30.00 45.60 29.00 178 800 33 
71.00 3500 -0.0636 -2.8695 7.74 6.29 25.80 46.90 29.20 - - - 
76.00 3340 -0.0607 -3.1732 7.73 6.28 28.20 44.00 29.50 - - - 
81.00 3325 -0.0605 -3.4755 7.76 6.41 29.10 44.00 29.20 142 600 31 
91.00 5500 -0.0500 -3.9755 7.74 6.04 27.70 45.60 29.30 - - - 
101.00 3640 -0.0331 -4.3064 7.71 5.89 25.10 45.00 26.90 - - - 
111.00 1680 -0.0153 -4.4591 7.64 5.24 21.40 50.90 32.50 153 800 15 
121.00 760 -0.0069 -4.5282 7.62 4.72 18.00 58.60 32.20 - - - 
131.00 510 -0.0046 -4.5745 7.62 5.03 15.40 57.80 31.50 - - - 
141.00 385 -0.0035 -4.6095 7.62 5.38 13.80 57.40 30.40 140 400 25 
171.00 825 -0.0025 -4.6845 7.70 5.04 13.10 56.40 28.60 121 400 21 
201.00 580 -0.0018 -4.7373 7.63 5.05 10.90 54.80 29.70 75 200 20 
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Influent - - - 7.37 0.38 61.90 17.50 28.50 7485 12800 242 
40.00 - 0.0000 0.0000 - - - - - - - - 
45.00 1760 -0.0320 -0.1600 7.72 6.89 46.80 41.90 27.90 695 2400 56 
55.00 3800 -0.0345 -0.5055 7.75 6.90 51.60 34.30 27.70 - - - 
60.00 1660 -0.0302 -0.6564 7.76 6.89 52.70 30.00 27.80 - - - 
70.00 3400 -0.0309 -0.9655 7.76 6.80 53.00 25.40 27.80 - - - 
75.00 1780 -0.0324 -1.1273 7.75 6.83 52.70 27.00 27.80 - - - 
80.00 1790 -0.0325 -1.2900 7.78 6.86 52.50 26.80 27.60 - - - 
85.00 1820 -0.0331 -1.4555 7.81 6.94 53.30 27.00 27.60 - - - 
90.00 2335 -0.0425 -1.6677 7.83 7.01 52.00 26.90 27.60 - - - 
95.00 2275 -0.0414 -1.8745 7.81 7.01 52.60 26.40 27.40 - - - 
100.00 2290 -0.0416 -2.0827 7.82 6.90 52.40 26.30 27.40 - - - 
105.00 2255 -0.0410 -2.2877 7.80 7.03 52.60 26.40 27.30 - - - 
110.00 2285 -0.0415 -2.4955 7.81 7.02 52.80 26.40 27.20 575 1200 59 
120.00 4400 -0.0400 -2.8955 7.84 7.04 52.90 25.80 27.00 - - - 
130.00 4245 -0.0386 -3.2814 7.86 7.10 53.40 25.30 26.90 - - - 
140.00 4165 -0.0379 -3.6600 7.87 7.17 52.80 25.80 26.70 - - - 
150.00 3970 -0.0361 -4.0209 7.90 7.21 52.00 27.00 26.60 - - - 
160.00 3725 -0.0339 -4.3595 7.91 7.20 50.50 26.30 26.60 - - - 
170.00 3510 -0.0319 -4.6786 7.92 7.29 51.10 26.20 26.50 526 1200 58 
200.00 9500 -0.0288 -5.5423 8.03 7.27 49.20 27.40 26.40 499 2000 57 
230.00 5580 -0.0169 -6.0495 8.08 7.10 45.30 33.00 26.50 421 800 42 
260.00 2015 -0.0061 -6.2327 8.08 6.53 41.90 39.20 26.50 - - - 
290.00 1415 -0.0043 -6.3614 8.00 6.46 39.90 40.80 26.50 322 1400 39 
350.00 2110 -0.0032 -6.5532 8.07 6.65 35.20 49.80 26.40 222 1400 33 
410.00 1325 -0.0020 -6.6736 8.01 6.56 26.70 61.50 26.30 220 2800 28 
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Influent - - - 7.47 0.72 49.10 9.54 26.70 4203 4600 150 
70.00 - 0.0000 0.0000 - - - - - - - - 
75.00 285 -0.0052 -0.0259 7.66 6.06 12.00 61.40 26.80 219 1000 30 
80.00 305 -0.0055 -0.0536 7.62 5.54 12.90 66.10 26.50 - - - 
85.00 350 -0.0064 -0.0855 7.63 5.64 14.70 68.70 26.70 - - - 
90.00 370 -0.0067 -0.1191 7.66 5.61 16.10 74.00 26.70 - - - 
95.00 400 -0.0073 -0.1555 7.63 5.39 17.00 73.20 26.70 - - - 
100.00 400 -0.0073 -0.1918 7.65 5.58 17.90 75.60 26.60 - - - 
105.00 410 -0.0075 -0.2291 7.64 5.44 18.40 78.80 26.60 - - - 
110.00 415 -0.0075 -0.2668 7.65 5.54 18.80 78.20 26.80 - - - 
115.00 450 -0.0082 -0.3077 7.64 5.34 20.00 79.80 26.30 - - - 
120.00 505 -0.0092 -0.3536 7.70 5.65 21.60 80.30 26.10 - - - 
125.00 505 -0.0092 -0.3995 7.70 5.59 22.20 80.90 26.20 - - - 
130.00 550 -0.0100 -0.4495 7.75 5.77 22.90 79.50 26.10 314 1200 42 
140.00 1125 -0.0102 -0.5518 7.72 5.45 24.40 74.00 26.00 - - - 
150.00 1140 -0.0104 -0.6555 7.75 5.55 25.80 72.00 25.70 - - - 
160.00 1300 -0.0118 -0.7736 7.78 5.83 27.50 69.30 25.70 - - - 
170.00 1325 -0.0120 -0.8941 7.79 5.87 28.10 68.60 25.70 - - - 
180.00 1380 -0.0125 -1.0195 7.80 5.89 29.00 66.20 25.80 - - - 
190.00 1560 -0.0142 -1.1614 7.80 5.96 30.10 63.30 25.90 368 1600 37 
220.00 5785 -0.0175 -1.6873 7.78 6.09 31.80 55.50 26.00 - - - 
250.00 5985 -0.0181 -2.2314 7.73 5.75 31.60 58.40 26.30 373 1600 35 
280.00 5880 -0.0178 -2.7659 7.71 5.72 30.90 64.30 27.50 - - - 
310.00 6160 -0.0187 -3.3259 7.71 5.61 29.40 68.10 26.60 336 1400 42 
370.00 9660 -0.0146 -4.2041 7.64 5.44 27.10 71.20 26.20 250 800 40 
430.00 8950 -0.0136 -5.0177 7.60 5.01 24.10 70.40 26.40 195 800 21 
490.00 8305 -0.0126 -5.7727 7.58 4.69 22.40 72.10 26.70 170 400 22 
550.00 4150 -0.0063 -6.1500 7.52 4.30 18.90 78.10 27.40 - - - 
610.00 2450 -0.0037 -6.3727 7.51 4.51 14.40 81.70 27.40 - - - 
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Influent - - - 7.41 1.14 74.50 2.75 28.60 5162 10700 - 
50.00 - 0.0000 0.0000 - - - - - - - - 
55.00 245 -0.0045 -0.0223 7.66 6.23 18.00 23.69 27.70 143 2000 - 
60.00 185 -0.0034 -0.0391 7.91 6.11 16.40 25.85 28.10 - - - 
65.00 145 -0.0026 -0.0523 7.90 6.26 14.80 27.85 28.20 - - - 
70.00 150 -0.0027 -0.0659 7.88 6.39 13.80 28.92 28.30 - - - 
75.00 145 -0.0026 -0.0791 7.85 5.90 13.20 29.54 28.40 - - - 
80.00 160 -0.0029 -0.0936 7.84 6.03 13.00 30.62 29.30 - - - 
85.00 205 -0.0037 -0.1123 7.79 5.80 11.80 31.54 28.70 80 1600 - 
90.00 225 -0.0041 -0.1327 7.82 5.85 11.80 31.08 28.80 - - - 
95.00 255 -0.0046 -0.1559 7.80 5.90 10.90 31.38 29.20 - - - 
100.00 285 -0.0052 -0.1818 7.69 5.51 11.40 29.85 30.00 - - - 
105.00 300 -0.0055 -0.2091 7.79 5.62 10.30 30.15 29.60 - - - 
110.00 315 -0.0057 -0.2377 7.70 5.32 11.90 29.38 30.90 - - - 
115.00 320 -0.0058 -0.2668 7.70 5.63 10.40 29.38 30.70 103 1600 - 
120.00 325 -0.0059 -0.2964 7.76 5.48 10.40 30.46 30.70 - - - 
130.00 715 -0.0065 -0.3614 7.81 5.83 14.10 26.92 31.70 - - - 
140.00 765 -0.0070 -0.4309 7.79 5.49 16.20 24.46 30.40 - - - 
150.00 765 -0.0070 -0.5005 7.81 5.34 17.10 22.15 29.80 - - - 
160.00 760 -0.0069 -0.5695 7.85 5.81 15.60 22.92 30.50 139 400 - 
170.00 665 -0.0060 -0.6300 7.82 5.06 14.90 22.00 33.40 - - - 
180.00 695 -0.0063 -0.6932 7.77 4.93 14.90 20.46 34.00 - - - 
210.00 1875 -0.0057 -0.8636 7.76 5.34 15.40 22.00 32.70 121 1400 - 
240.00 1805 -0.0055 -1.0277 7.79 5.48 16.90 19.69 33.90 - - - 
270.00 1815 -0.0055 -1.1927 7.77 5.32 14.30 22.62 33.30 115 400 - 
300.00 1315 -0.0040 -1.3123 7.79 5.52 15.00 18.77 30.70 - - - 
330.00 1120 -0.0034 -1.4141 7.79 5.74 13.70 19.23 30.80 113 1200 - 
390.00 2055 -0.0031 -1.6009 7.72 5.26 12.60 20.00 29.60 - - - 
450.00 1840 -0.0028 -1.7682 7.74 5.62 12.20 20.15 29.00 - - - 
510.00 1775 -0.0027 -1.9295 7.74 5.42 11.00 20.31 30.10 82 1800 - 
600.00 1525 -0.0015 -2.0682 7.90 6.63 9.16 21.23 29.70 - - - 
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Influent - - - 7.53 0.05 84.00 2.69 24.10 8606 12600 203 
54.00 - 0.0000 0.0000 - - - - - - - - 
64.00 1365 -0.0124 -0.1241 7.92 6.73 53.40 13.46 27.70 - - - 
74.00 1640 -0.0149 -0.2732 7.93 6.74 55.10 10.29 28.10 - - - 
84.00 1825 -0.0166 -0.4391 7.91 6.67 59.30 9.60 28.20 - - - 
94.00 1785 -0.0162 -0.6014 7.95 6.74 57.90 9.15 28.10 700 2600 43 
104.00 1800 -0.0164 -0.7650 7.97 6.98 57.00 9.34 28.10 - - - 
114.00 1775 -0.0161 -0.9264 7.95 6.86 57.20 8.62 28.10 - - - 
124.00 1725 -0.0157 -1.0832 7.94 6.80 57.10 8.00 28.10 618 2000 32 
134.00 1810 -0.0165 -1.2477 7.93 6.80 56.30 7.88 28.10 - - - 
144.00 1765 -0.0160 -1.4082 7.92 6.84 54.60 7.02 28.20 - - - 
154.00 1825 -0.0166 -1.5741 7.93 6.93 56.10 6.92 28.30 610 1600 49 
184.00 5430 -0.0165 -2.0677 7.86 6.36 55.30 5.94 28.70 584 1200 50 
214.00 5055 -0.0153 -2.5273 7.82 6.41 54.50 4.88 29.00 - - - 
244.00 4870 -0.0148 -2.9700 7.84 6.58 53.70 4.83 28.90 493 1400 60 
274.00 4565 -0.0138 -3.3850 7.88 6.79 50.50 4.60 29.00 - - - 
334.00 8630 -0.0131 -4.1695 8.06 6.71 41.70 7.60 29.10 447 2200 41 
394.00 1075 -0.0016 -4.2673 8.08 7.17 21.30 18.92 28.30 - - - 
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Influent - - - 7.61 0.10 58.00 8.09 27.60 6471 9500 151 
48.50 - 0.0000 0.0000 - - - - - - - - 
53.50 80 -0.0015 -0.0073 7.94 7.22 3.73 23.10 28.70 - - - 
58.50 70 -0.0013 -0.0136 7.98 7.36 3.04 23.00 28.90 - - - 
68.50 125 -0.0011 -0.0250 7.86 6.78 2.73 26.60 29.10 - - - 
78.50 125 -0.0011 -0.0364 7.95 7.25 2.63 29.70 29.10 77 600 28 
88.50 140 -0.0013 -0.0491 7.83 6.80 2.03 30.40 29.20 - - - 
98.50 225 -0.0020 -0.0695 7.78 6.45 1.50 30.30 29.30 - - - 
108.50 290 -0.0026 -0.0959 7.80 6.48 1.75 24.40 29.40 67 200 26 
118.50 300 -0.0027 -0.1232 7.65 6.37 1.90 46.20 29.40 - - - 
128.50 340 -0.0031 -0.1541 7.71 6.47 1.82 53.60 28.30 - - - 
138.50 320 -0.0029 -0.1832 7.64 6.20 1.82 51.10 28.70 65 200 27 
148.50 355 -0.0032 -0.2155 7.68 6.50 1.84 50.50 28.70 - - - 
158.50 360 -0.0033 -0.2482 7.69 6.35 2.04 52.50 29.40 - - - 
168.50 360 -0.0033 -0.2809 7.69 6.53 2.15 52.90 28.90 49 400 48 
198.50 1105 -0.0033 -0.3814 7.65 6.50 2.04 50.50 29.40 - - - 
228.50 1220 -0.0037 -0.4923 7.63 6.40 2.08 48.10 28.90 52 200 42 
258.50 1265 -0.0038 -0.6073 7.57 6.00 2.36 45.80 29.60 - - - 
288.50 1205 -0.0037 -0.7168 7.68 6.57 2.14 45.80 29.10 43 400 42 
348.50 2120 -0.0032 -0.9095 7.66 6.15 2.08 44.40 29.20 - - - 
408.50 2040 -0.0031 -1.0950 7.89 7.47 1.94 44.10 28.70 36 200 31 
468.50 2100 -0.0032 -1.2859 7.77 6.80 1.96 44.70 29.10 - - - 
528.50 2070 -0.0031 -1.4741 7.75 7.13 1.81 45.40 28.60 41 200 33 
588.50 2005 -0.0030 -1.6564 7.73 7.10 2.02 49.60 28.20 - - - 
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Influent - - - 7.72 0.68 74.30 8.97 29.00 2698 4200 125 
35.00 - 0.0000 0.0000 - - - - - - - - 
45.00 25 -0.0002 -0.0023 8.25 7.09 0.93 8.97 29.10 - - - 
55.00 20 -0.0002 -0.0041 8.17 7.32 1.08 16.00 29.20 - - - 
65.00 90 -0.0008 -0.0123 7.98 6.73 10.50 21.30 29.80 - - - 
75.00 200 -0.0018 -0.0305 7.92 6.52 14.90 33.10 30.30 270 2000 56 
85.00 510 -0.0046 -0.0768 7.89 6.25 20.10 26.90 30.90 - - - 
95.00 795 -0.0072 -0.1491 7.86 5.92 27.90 28.10 31.30 - - - 
105.00 775 -0.0070 -0.2195 7.93 5.84 30.50 23.50 30.80 178 800 70 
115.00 695 -0.0063 -0.2827 8.01 6.35 31.40 21.60 30.20 - - - 
125.00 605 -0.0055 -0.3377 8.01 6.68 30.70 20.50 30.80 - - - 
135.00 545 -0.0050 -0.3873 8.00 6.12 28.10 19.90 30.90 150 1000 55 
145.00 495 -0.0045 -0.4323 7.97 5.86 26.90 18.60 31.50 - - - 
155.00 460 -0.0042 -0.4741 7.89 5.49 26.40 18.90 34.20 - - - 
185.00 1140 -0.0035 -0.5777 7.90 6.01 23.30 19.30 35.20 167 1400 44 
220.00 950 -0.0025 -0.6641 7.94 5.82 18.70 21.10 32.40 - - - 
245.00 485 -0.0018 -0.7082 7.92 6.31 13.10 21.60 32.60 - - - 
305.00 765 -0.0012 -0.7777 7.83 6.20 7.18 23.30 32.20 49 1600 13 
365.00 675 -0.0010 -0.8391 7.88 6.53 4.75 24.80 29.40 - - - 
425.00 700 -0.0011 -0.9027 7.82 6.66 3.60 26.40 28.90 - - - 
485.00 745 -0.0011 -0.9705 7.83 6.57 2.99 29.40 28.80 33 1600 26 
545.00 735 -0.0011 -1.0373 7.78 6.61 2.13 31.10 29.50 - - - 
605.00 735 -0.0011 -1.1041 7.78 6.62 1.57 31.70 28.80 41 1200 19 
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Influent - - - 7.72 0.68 74.30 8.97 29.00 3888 9600 318 
16.00 - 0.0000 0.0000 - - - - - - - - 
26.00 80 -0.0007 -0.0073 8.11 7.27 17.30 20.60 27.10 370 1500 68 
36.00 55 -0.0005 -0.0123 8.09 7.42 9.85 21.08 27.20 - - - 
46.00 70 -0.0006 -0.0186 8.07 7.29 7.61 22.80 27.10 - - - 
56.00 80 -0.0007 -0.0259 7.95 6.96 5.73 21.70 27.20 - - - 
66.00 135 -0.0012 -0.0382 7.88 6.42 6.42 25.60 27.20 265 1600 50 
76.00 145 -0.0013 -0.0514 7.96 6.79 7.83 27.90 27.40 - - - 
86.00 160 -0.0015 -0.0659 7.94 6.71 7.88 29.20 27.40 - - - 
96.00 185 -0.0017 -0.0827 7.88 6.33 9.03 29.90 27.40 122 1200 56 
106.00 190 -0.0017 -0.1000 7.92 6.56 9.26 27.70 27.50 - - - 
116.00 210 -0.0019 -0.1191 7.88 6.58 10.50 29.70 27.70 - - - 
146.00 730 -0.0022 -0.1855 7.85 6.65 9.59 28.70 28.20 312 1400 70 
176.00 815 -0.0025 -0.2595 7.92 6.41 7.72 33.30 27.80 - - - 
206.00 885 -0.0027 -0.3400 7.79 6.41 6.82 32.40 28.00 80 1300 47 
236.00 775 -0.0023 -0.4105 7.87 6.80 5.67 32.10 28.00 - - - 
266.00 825 -0.0025 -0.4855 7.76 6.24 5.30 34.80 28.20 - - - 
296.00 870 -0.0026 -0.5645 7.82 6.51 4.56 34.10 28.30 60 1500 55 
356.00 1430 -0.0022 -0.6945 7.75 6.29 4.10 33.40 28.70 - - - 
416.00 1680 -0.0025 -0.8473 7.89 6.63 3.90 33.00 28.80 49 1200 52 
476.00 1600 -0.0024 -0.9927 7.80 6.47 3.56 35.00 28.60 - - - 
536.00 1510 -0.0023 -1.1300 7.73 6.42 2.55 33.90 28.30 - - - 
596.00 1375 -0.0021 -1.2550 7.72 6.30 2.06 33.20 27.80 34 1300 62 
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Influent - - - 7.55 0.19 58.10 2.63 27.80 7753 24000 368 
13.00 - 0.0000 0.0000 - - - - - - - - 
18.00 105 -0.0019 -0.0095 7.80 6.57 11.90 25.50 27.80 418 3200 52 
23.00 130 -0.0024 -0.0214 7.94 6.11 18.20 26.50 27.90 - - - 
28.00 155 -0.0028 -0.0355 7.92 6.38 22.20 25.20 28.20 - - - 
33.00 140 -0.0025 -0.0482 8.01 6.58 23.60 22.90 28.30 - - - 
38.00 170 -0.0031 -0.0636 7.98 6.28 24.80 21.20 29.20 566 3400 87 
43.00 185 -0.0034 -0.0805 8.02 6.26 28.60 21.90 29.00 - - - 
53.00 350 -0.0032 -0.1123 8.00 6.54 29.70 19.30 29.80 - - - 
63.00 380 -0.0035 -0.1468 7.96 6.36 31.00 17.10 30.00 507 2800 97 
73.00 360 -0.0033 -0.1795 8.05 6.68 31.70 17.00 29.40 - - - 
83.00 360 -0.0033 -0.2123 7.97 6.34 33.80 15.60 30.30 - - - 
93.00 350 -0.0032 -0.2441 7.97 6.17 32.50 15.70 29.30 - - - 
103.00 350 -0.0032 -0.2759 7.97 6.05 31.70 16.30 29.70 - - - 
113.00 345 -0.0031 -0.3073 8.02 6.48 31.80 16.20 30.40 - - - 
123.00 335 -0.0030 -0.3377 8.07 6.38 32.80 15.20 29.90 423 2800 111 
133.00 300 -0.0027 -0.3650 8.00 6.07 31.80 15.40 30.70 - - - 
163.00 860 -0.0026 -0.4432 8.12 6.54 27.80 15.30 30.90 - - - 
193.00 845 -0.0026 -0.5200 8.13 6.72 29.20 14.90 32.70 362 2800 89 
228.00 1025 -0.0027 -0.6132 8.08 6.34 28.90 13.90 31.00 - - - 
253.00 730 -0.0027 -0.6795 8.02 6.36 28.20 13.30 31.40 - - - 
313.00 1330 -0.0020 -0.8005 8.05 6.57 23.70 14.40 30.60 321 1200 74 
373.00 840 -0.0013 -0.8768 8.06 6.68 17.80 15.60 29.90 - - - 
433.00 730 -0.0011 -0.9432 7.99 6.53 17.40 16.90 30.00 - - - 
493.00 690 -0.0010 -1.0059 7.95 6.62 13.90 19.00 29.20 190 1000 51 
553.00 575 -0.0009 -1.0582 7.92 6.59 12.30 19.50 28.90 - - - 
613.00 605 -0.0009 -1.1132 7.91 6.41 10.80 19.80 28.90 - - - 
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Influent - - - 7.61 0.11 32.00 5.23 26.80 850 1700 72 
10.00 - 0.0000 0.0000 - - - - - - - - 
15.00 400 -0.0073 -0.0364 8.01 6.61 16.80 35.40 26.40 - - - 
20.00 565 -0.0103 -0.0877 8.05 6.54 18.90 31.30 26.40 - - - 
25.00 605 -0.0110 -0.1427 8.02 6.45 20.80 26.80 26.40 651 1000 62 
30.00 660 -0.0120 -0.2027 8.07 6.87 21.90 23.80 26.40 - - - 
35.00 650 -0.0118 -0.2618 8.04 6.70 22.30 22.10 26.40 - - - 
45.25 710 -0.0129 -0.3264 8.07 6.92 22.70 22.20 26.40 - - - 
55.00 1575 -0.0140 -0.4695 8.04 6.85 23.20 19.80 26.40 - 1200 - 
65.00 1530 -0.0143 -0.6086 8.03 6.75 23.10 18.60 26.50 - - - 
75.00 1500 -0.0136 -0.7450 8.00 6.80 23.00 17.10 26.60 - - - 
85.00 1625 -0.0148 -0.8927 7.99 6.70 22.90 16.90 26.60 - - - 
95.00 1630 -0.0148 -1.0409 8.03 6.85 22.50 16.70 26.80 408 1000 51 
105.00 1635 -0.0149 -1.1895 8.02 6.74 22.10 16.10 26.80 - - - 
115.00 1565 -0.0142 -1.3318 7.98 6.69 21.90 15.50 26.90 - - - 
125.00 1505 -0.0137 -1.4686 8.03 6.70 21.40 16.40 27.10 - - - 
140.00 1485 -0.0135 -1.6036 8.03 6.67 21.20 15.80 27.50 - 400 59 
170.00 2215 -0.0134 -1.8050 8.02 6.52 20.30 16.20 27.60 310 - - 
200.00 3755 -0.0114 -2.1464 7.95 6.20 18.90 18.60 28.50 - - - 
232.00 3445 -0.0104 -2.4595 8.05 6.22 17.70 19.10 28.30 - - - 
260.00 3280 -0.0093 -2.7577 8.13 6.19 16.20 20.30 28.60 - 1000 - 
320.00 2580 -0.0084 -2.9923 8.09 6.16 15.00 22.40 29.30 - - - 
380.00 4600 -0.0070 -3.4105 8.02 5.86 12.90 23.60 28.70 164 1600 21 
440.00 3405 -0.0052 -3.7200 7.93 5.74 10.10 25.20 29.70 - - - 
500.00 2500 -0.0038 -3.9473 7.89 5.90 7.16 27.50 28.70 - - - 
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Influent - - - 7.46 0.25 35.60 8.66 26.70 6846 19500 335 
8.00 - 0.0000 0.0000 - - - - - - - - 
13.00 150 -0.0027 -0.0136 7.72 6.24 8.03 39.50 27.70 - - - 
18.00 175 -0.0032 -0.0295 7.79 6.41 9.42 35.70 28.00 - - - 
23.00 235 -0.0043 -0.0509 7.80 6.69 10.80 32.70 27.00 449 - 46 
28.00 265 -0.0048 -0.0750 7.82 6.74 12.20 30.80 26.80 - 600 - 
33.00 510 -0.0093 -0.1214 7.85 6.88 15.60 25.80 27.00 - - - 
38.00 595 -0.0108 -0.1755 7.88 6.94 17.70 22.30 27.30 - - - 
48.00 1200 -0.0109 -0.2845 7.79 6.70 18.10 20.00 26.80 - - - 
58.00 1155 -0.0105 -0.3895 7.88 6.67 16.60 23.40 26.70 - 1400 - 
68.00 1155 -0.0105 -0.4945 8.05 6.86 16.50 25.20 26.50 - - - 
78.00 1065 -0.0097 -0.5914 8.00 6.59 16.60 24.60 26.50 - - - 
88.50 1190 -0.0103 -0.6995 8.00 6.47 16.40 24.80 26.50 - - - 
98.00 1200 -0.0115 -0.8086 7.98 6.57 16.00 26.50 26.60 377 1000 30 
108.20 1325 -0.0118 -0.9291 7.96 6.57 16.00 25.70 26.60 - - - 
118.00 1275 -0.0118 -1.0450 7.98 6.68 15.70 25.50 26.80 - - - 
129.00 1390 -0.0115 -1.1714 7.97 6.53 15.20 25.30 26.90 - - - 
158.00 3820 -0.0120 -1.5186 7.99 6.59 15.60 20.60 27.00 - 1200 - 
188.00 3325 -0.0101 -1.8209 7.88 6.12 13.90 24.30 27.80 - - - 
218.00 3050 -0.0092 -2.0982 7.80 6.07 13.10 24.40 28.30 286 - 45 
248.00 2740 -0.0083 -2.3473 7.78 6.00 11.90 27.30 29.80 - - - 
308.00 5010 -0.0076 -2.8027 7.76 6.31 10.20 29.90 28.40 - 800 - 
368.00 4970 -0.0075 -3.2545 7.80 5.95 9.33 28.30 28.90 - - - 
428.00 4155 -0.0063 -3.6323 7.68 5.61 8.10 30.70 30.10 - 800 - 
488.00 3990 -0.0060 -3.9950 7.72 5.79 7.61 28.90 29.40 161 - 27 
548.00 3640 -0.0055 -4.3259 7.68 5.52 6.41 29.50 29.10 - - - 
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Influent - - - 7.86 0.50 48.30 5.17 26.80 904 2200 56 
4.00 - 0.0000 0.0000 - - - - - - - - 
9.00 275 -0.0050 -0.0250 8.08 6.45 24.70 16.90 26.70 - - - 
15.00 225 -0.0034 -0.0455 8.05 6.55 22.80 20.10 26.90 - - - 
20.00 345 -0.0063 -0.0768 8.11 6.85 27.20 19.00 26.90 - 600 - 
25.00 260 -0.0047 -0.1005 8.19 6.67 24.70 20.00 26.60 - - - 
30.00 460 -0.0084 -0.1423 8.12 6.54 23.80 23.30 26.60 - - - 
36.00 505 -0.0077 -0.1882 8.18 6.59 28.30 19.80 27.00 - - - 
46.00 1465 -0.0133 -0.3214 8.12 6.74 28.80 19.20 27.10 - 900 - 
56.00 1600 -0.0145 -0.4668 8.15 6.73 31.00 18.20 27.20 - - - 
66.00 1940 -0.0176 -0.6432 8.17 6.53 29.60 18.80 27.70 - - - 
76.00 2175 -0.0198 -0.8409 8.11 6.42 30.90 15.50 28.20 226 500 49 
88.00 2320 -0.0176 -1.0518 8.23 6.49 31.10 16.90 27.60 - - - 
100.00 3120 -0.0236 -1.3355 8.14 6.59 30.70 17.00 28.80 - - - 
130.00 8035 -0.0243 -2.0659 8.18 6.52 31.10 12.90 29.10 - - - 
166.00 11115 -0.0281 -3.0764 8.20 6.33 32.10 14.50 28.80 - 400 - 
190.00 8285 -0.0314 -3.8295 8.19 6.57 32.90 12.30 29.10 - - - 
220.00 8890 -0.0269 -4.6377 8.22 6.44 32.60 13.10 27.90 - - - 
250.00 9090 -0.0275 -5.4641 8.21 6.65 32.30 12.80 28.00 - 600 - 
280.00 8895 -0.03 -6.2727 8.24 6.58 31.90 12.40 28.20 - - - 
340.00 19375 -0.03 -8.0341 8.25 6.83 31.30 11.00 28.20 - - - 
400.00 13810 -0.0209 -9.2895 8.24 6.63 28.40 11.70 28.00 162 400 37 
460.00 8335 -0.0126 -10.0473 8.20 6.46 25.50 10.90 27.70 - - - 
520.00 1975 -0.0030 -10.2268 8.08 5.89 18.00 17.10 27.10 - 800 - 
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Influent - - - 7.89 0.35 48.40 5.44 27.30 1162 2700 99 
19.00 - 0.0000 0.0000 - - - - - - - - 
25.00 1150 -0.0174 -0.1045 7.89 6.66 11.70 23.60 27.10 - - - 
30.00 1800 -0.0327 -0.2682 7.95 6.82 14.90 24.80 26.90 - - - 
35.00 2410 -0.0438 -0.4873 8.08 6.45 19.60 22.40 26.90 - 400 - 
40.00 2175 -0.0395 -0.6850 8.06 6.62 22.00 21.70 26.80 - - - 
45.00 2425 -0.0441 -0.9055 8.05 6.55 24.30 19.00 27.00 - - - 
50.00 2500 -0.0455 -1.1327 8.09 6.68 25.10 18.20 27.00 - - - 
60.00 4625 -0.0420 -1.5532 8.09 6.59 25.70 18.90 27.00 - 800 - 
70.00 3460 -0.0315 -1.8677 8.00 6.73 27.40 15.30 27.10 - - - 
80.00 4505 -0.0410 -2.2773 8.04 6.73 28.40 12.00 27.20 - - - 
90.00 4375 -0.0398 -2.6750 8.00 6.82 26.30 17.50 27.50 277 600 61 
100.00 3935 -0.0358 -3.0327 8.02 6.35 32.40 12.70 28.10 - - - 
110.00 4615 -0.0420 -3.4523 8.01 6.41 33.90 10.70 28.60 - - - 
140.00 12525 -0.0380 -4.5909 8.01 6.45 34.90 8.70 28.30 - - - 
170.00 10605 -0.0321 -5.5550 7.98 6.23 36.40 7.58 30.00 - 500 - 
200.00 9825 -0.0298 -6.4482 8.01 6.43 36.20 7.70 30.90 - - - 
230.00 10245 -0.0310 -7.3795 8.06 6.48 36.40 7.96 28.00 - - - 
260.00 9670 -0.0293 -8.2586 8.09 6.48 33.30 10.60 28.00 - 800 - 
290.00 7415 -0.0225 -8.9327 8.04 6.10 29.80 11.40 28.40 - - - 
350.00 7390 -0.0112 -9.6045 8.04 6.20 27.10 12.90 28.10 - - - 
410.00 2245 -0.0034 -9.8086 8.06 6.47 23.40 15.60 28.30 144 800 33 
470.00 2100 -0.0032 -9.9995 8.08 6.27 26.10 8.07 28.60 - - - 
530.00 765 -0.0012 -10.0691 8.09 6.18 20.40 12.60 28.10 - 400 - 
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Influent - - - 7.62 0.25 44.10 4.58 27.80 3049 3200 121 
3.00 - 0.0000 0.0000 - - - - - - - - 
8.00 2010 -0.0365 -0.1827 7.82 0.95 42.20 5.41 27.50 - - - 
13.00 3600 -0.0655 -0.5100 7.84 3.20 41.80 5.54 27.40 - 800 - 
18.00 3675 -0.0668 -0.8441 7.92 3.98 40.50 6.26 27.40 - - - 
23.00 3565 -0.0648 -1.1682 7.92 3.79 39.80 6.54 27.60 - - - 
28.50 3925 -0.0649 -1.5250 7.84 3.28 39.50 6.06 27.50 - - - 
33.00 3600 -0.0727 -1.8523 7.84 3.48 39.60 5.51 27.60 730 900 46 
43.00 7520 -0.0684 -2.5359 7.87 3.34 38.00 5.67 27.80 - - - 
53.50 6850 -0.0593 -3.1586 7.87 3.45 37.50 5.45 27.90 - - - 
63.00 6530 -0.0625 -3.7523 7.86 3.96 37.90 5.11 27.80 - - - 
74.00 7215 -0.0596 -4.4082 7.89 3.52 35.30 5.74 28.30 - - - 
83.50 5835 -0.0558 -4.9386 7.90 3.24 33.00 6.23 28.00 452 900 - 
93.00 5710 -0.0546 -5.4577 7.93 3.24 32.90 6.19 29.60 - - - 
124.00 16620 -0.0487 -6.9686 7.89 3.69 31.80 6.76 31.10 - - - 
153.00 13870 -0.0435 -8.2295 7.95 3.90 31.20 6.79 30.40 - - - 
183.00 11915 -0.0361 -9.3127 7.92 4.25 30.90 5.86 29.90 - - - 
213.00 8680 -0.0263 -10.1018 8.11 5.81 28.90 7.19 30.50 - 1000 - 
273.00 7230 -0.0110 -10.7591 8.14 5.77 25.90 8.94 29.60 - - - 
333.00 2360 -0.0036 -10.9736 8.13 5.05 20.70 11.90 29.60 - 600 36 
393.00 880 -0.0013 -11.0536 8.10 6.27 16.50 11.60 28.90 - - - 
453.00 465 -0.0007 -11.0959 8.20 6.16 12.90 13.80 29.00 228 2600 - 
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Influent - - - 7.66 0.22 40.50 4.21 27.30 1162 1500 49 
19.00 - 0.0000 0.0000 - - - - - - - - 
24.00 190 -0.0035 -0.0173 8.08 6.78 16.90 20.60 27.10 - - - 
29.00 150 -0.0027 -0.0309 8.01 6.18 15.90 21.40 26.90 - 900 - 
34.00 135 -0.0025 -0.0432 7.97 6.23 13.80 20.40 26.90 - - - 
39.00 170 -0.0031 -0.0586 8.02 6.15 15.30 21.70 26.80 - - - 
44.00 220 -0.0040 -0.0786 8.00 6.25 17.20 21.10 27.00 - - - 
50.00 170 -0.0026 -0.0941 8.00 6.07 14.00 22.10 27.00 268 1100 17 
60.00 600 -0.0055 -0.1486 7.93 5.79 14.50 23.60 27.00 - - - 
70.00 765 -0.0070 -0.2182 8.01 6.06 11.50 28.00 27.10 - - - 
80.00 745 -0.0068 -0.2859 7.92 5.86 13.00 26.20 27.20 - - - 
90.00 810 -0.0074 -0.3595 7.88 5.73 14.60 24.40 27.50 - - - 
100.00 920 -0.0084 -0.4432 7.98 6.11 14.10 24.80 28.10 200 800 17 
110.00 1075 -0.0098 -0.5409 8.07 6.04 17.00 23.60 28.60 - - - 
140.00 3130 -0.0095 -0.8255 7.92 6.01 17.60 17.40 28.30 - - - 
170.00 3175 -0.0096 -1.1141 8.05 6.00 20.00 19.90 30.00 - - - 
200.00 4570 -0.0138 -1.5295 7.98 6.18 21.40 16.70 30.90 - - - 
229.00 5385 -0.0169 -2.0191 7.92 5.92 20.80 15.00 28.00 235 700 26 
289.00 7790 -0.0118 -2.7273 7.95 6.04 20.50 14.20 28.00 - - - 
349.00 8605 -0.0130 -3.5095 7.96 5.90 20.90 13.40 28.40 - - - 
409.00 7500 -0.0114 -4.1914 7.96 5.65 19.70 15.80 28.10 - 500 - 
469.00 4375 -0.0066 -4.5891 7.93 5.46 17.40 17.10 28.30 - - - 
529.00 3030 50.50 -0.0046 8.01 6.04 15.60 17.20 28.60 216 800 21 
  
A Mechanistic Model for Hydraulic Behaviour and Nitrogen  
Dynamics in a Vertical Flow Constructed Wetland Treating Septage       Appendices 
   
340 
 































Influent - - - 7.66 0.22 40.50 4.21 27.30 1162 1500 49 
19.00 - 0.0000 0.0000 - - - - - - - - 
24.00 190 -0.0035 -0.0173 8.08 6.78 16.90 20.60 27.10 - - - 
29.00 150 -0.0027 -0.0309 8.01 6.18 15.90 21.40 26.90 - 900 - 
34.00 135 -0.0025 -0.0432 7.97 6.23 13.80 20.40 26.90 - - - 
39.00 170 -0.0031 -0.0586 8.02 6.15 15.30 21.70 26.80 - - - 
44.00 220 -0.0040 -0.0786 8.00 6.25 17.20 21.10 27.00 - - - 
50.00 170 -0.0026 -0.0941 8.00 6.07 14.00 22.10 27.00 268 1100 17 
60.00 600 -0.0055 -0.1486 7.93 5.79 14.50 23.60 27.00 - - - 
70.00 765 -0.0070 -0.2182 8.01 6.06 11.50 28.00 27.10 - - - 
80.00 745 -0.0068 -0.2859 7.92 5.86 13.00 26.20 27.20 - - - 
90.00 810 -0.0074 -0.3595 7.88 5.73 14.60 24.40 27.50 - - - 
100.00 920 -0.0084 -0.4432 7.98 6.11 14.10 24.80 28.10 200 800 17 
110.00 1075 -0.0098 -0.5409 8.07 6.04 17.00 23.60 28.60 - - - 
140.00 3130 -0.0095 -0.8255 7.92 6.01 17.60 17.40 28.30 - - - 
170.00 3175 -0.0096 -1.1141 8.05 6.00 20.00 19.90 30.00 - - - 
200.00 4570 -0.0138 -1.5295 7.98 6.18 21.40 16.70 30.90 - - - 
229.00 5385 -0.0169 -2.0191 7.92 5.92 20.80 15.00 28.00 235 700 26 
289.00 7790 -0.0118 -2.7273 7.95 6.04 20.50 14.20 28.00 - - - 
349.00 8605 -0.0130 -3.5095 7.96 5.90 20.90 13.40 28.40 - - - 
409.00 7500 -0.0114 -4.1914 7.96 5.65 19.70 15.80 28.10 - 500 - 
469.00 4375 -0.0066 -4.5891 7.93 5.46 17.40 17.10 28.30 - - - 
529.00 3030 50.50 -0.0046 8.01 6.04 15.60 17.20 28.60 216 800 21 
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Influent - - - 7.68 0.24 60.10 8.78 26.70 4232 8900 161 
26.00 - 0.0000 0.0000 - - - - - - - - 
31.00 750 -0.0136 -0.0682 7.78 5.54 19.60 27.00 26.50 312 1300 - 
37.75 840 -0.0113 -0.1445 7.85 5.38 19.00 36.00 26.50 - - - 
46.50 1200 -0.0125 -0.2536 7.85 4.98 20.40 37.70 26.80 - - - 
51.50 855 -0.0155 -0.3314 7.77 5.08 20.90 37.80 27.00 254 1000 54 
58.50 910 -0.0118 -0.4141 7.82 4.98 21.20 37.50 27.10 - - - 
63.75 800 -0.0139 -0.4868 7.84 5.15 21.50 40.80 27.20 - - - 
73.75 1545 -0.0140 -0.6273 7.81 5.37 21.10 40.20 27.30 235 - - 
83.75 1505 -0.0137 -0.7641 7.74 5.28 21.60 38.50 27.50 - - - 
93.75 1585 -0.0144 -0.9082 7.96 5.39 22.30 38.70 26.90 - - - 
104.42 1740 -0.0148 -1.0664 7.85 5.32 22.40 38.50 27.40 237 800 63 
115.00 1735 -0.0149 -1.2241 7.89 5.47 22.00 36.90 27.60 - - - 
125.00 1665 -0.0151 -1.3755 7.83 5.20 21.20 37.90 27.90 - - - 
155.00 4685 -0.0142 -1.8014 7.71 5.03 21.30 41.00 27.70 190 - - 
185.00 4570 -0.0138 -2.2168 7.74 5.11 20.70 36.30 29.30 - - - 
215.00 3535 -0.0107 -2.5382 7.75 5.37 20.40 34.70 28.60 - - - 
245.00 2325 -0.0070 -2.7495 7.72 5.08 18.60 37.50 28.50 132 1000 48 
305.00 2035 -0.0031 -2.9345 7.61 5.22 9.40 49.30 27.60 - - - 
365.00 905 -0.0014 -3.0168 7.87 6.26 5.30 57.70 28.60 - - - 
425.00 530 -0.0008 -3.0650 7.57 5.73 3.86 60.60 28.10 47 400 - 
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Influent - - - 7.64 0.21 62.30 8.53 27.50 7052 18600 371 
18.50 - 0.0000 0.0000 - - - - - - - - 
23.50 1085 -0.0197 -0.0986 7.88 4.90 38.00 25.80 27.90 690 1400 110 
30.50 1960 -0.0255 -0.2768 7.83 4.85 40.80 21.70 27.90 - - - 
35.50 1535 -0.0279 -0.4164 7.88 5.13 44.20 21.20 27.60 - - - 
42.50 1980 -0.0257 -0.5964 7.87 4.93 46.00 18.20 28.70 621 1500 76 
48.50 2090 -0.0317 -0.7864 7.84 5.24 48.90 17.90 28.90 - - - 
55.00 2175 -0.0304 -0.9841 7.88 5.36 47.50 17.60 28.70 - - - 
65.00 3415 -0.0310 -1.2945 7.96 5.13 46.70 16.80 28.70 545 1100 71 
75.00 3095 -0.0281 -1.5759 7.94 5.08 43.20 16.60 28.90 - - - 
85.00 2930 -0.0266 -1.8423 7.99 5.52 46.50 16.20 28.10 - - - 
95.00 3185 -0.0290 -2.1318 7.86 5.40 44.30 16.90 28.90 462 1100 64 
105.00 3300 -0.0300 -2.4318 7.95 5.31 43.30 17.40 27.80 - - - 
115.00 3405 -0.0310 -2.7414 7.95 5.40 41.80 17.60 27.90 - - - 
145.00 8925 -0.0270 -3.5527 7.73 5.41 36.10 18.90 31.10 446 1000 52 
176.00 8725 -0.0256 -4.3459 7.93 5.28 39.40 17.00 28.50 - - - 
206.00 8750 -0.0265 -5.1414 7.83 5.44 39.20 14.90 29.70 - - - 
268.00 12175 -0.0179 -6.2482 7.82 5.25 35.30 17.00 29.80 321 900 49 
285.00 1805 -0.0097 -6.4123 7.87 5.79 29.90 26.70 29.50 - - - 
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Influent - - - 7.47 0.18 41.80 18.40 26.90 7052 18600 371 
20.17 - 0.0000 0.0000 - - - - - - - - 
25.17 3080 -0.0560 -0.2800 7.67 5.98 34.90 7.50 26.60 761 1800 87 
31.17 3650 -0.0553 -0.6118 7.85 6.00 35.30 5.80 26.00 - 1600 - 
36.50 3170 -0.0541 -0.9000 7.75 6.20 36.60 10.50 26.70 506 1600 70 
42.00 3235 -0.0535 -1.1941 7.68 6.15 38.60 5.90 26.80 - - - 
47.17 3160 -0.0556 -1.4814 7.74 6.10 39.00 10.70 26.40 611 1300 55 
52.00 2820 -0.0531 -1.7377 7.70 6.12 40.90 9.40 26.40 - - - 
66.17 6000 -0.0385 -2.2832 7.77 5.93 43.40 10.20 26.40 425 1000 68 
76.00 4830 -0.0447 -2.7223 7.67 6.08 39.60 10.80 26.40 - - - 
86.00 4010 -0.0365 -3.0868 7.86 6.13 36.60 13.90 26.50 333 600 59 
97.00 2630 -0.0217 -3.3259 7.67 5.47 32.80 12.00 26.40 - 800 - 
107.00 1250 -0.0114 -3.4395 7.78 5.49 29.20 13.30 26.30 193 800 58 
117.00 550 -0.0050 -3.4895 7.75 4.83 26.50 16.60 26.40 - 700 - 
 
